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Abstract 
Business Process Management (BPM) is a holistic management approach focusing 
on aligning all aspects of an organization to elicit efficient and effective business 
processes. The BPM lifecycle consists of phases covering the design, configuration, 
enactment and diagnosis of business processes in an organization. The diagnosis 
phase in the BPM life cycle aims to assist in improving the entire business plan and 
often involves three steps: simulation, validation and verification. These three 
diagnosis steps are conducted on the control, resource and data perspectives within a 
process model. At the operational level, analysis activities and results are often 
facilitated by, and obtained from, Workflow Management Systems (WfMS).  
Problematic areas in process simulation and validation have been identified. In 
simulation, immature human resource behaviour modelling approaches and tools, 
exist, due to the difficulties and inconveniences in building up the performance 
relationship between human resources and organizational structures. In process 
validation, ineffective communication between business analysts and stakeholders 
impedes mutual understanding. Stakeholders also complain about the poor 
communication capability of BPM tools, which heavily employ static 2D diagrams 
and text. 
A hybrid Multi Agent System (MAS) / 3D Virtual World approach is presented 
as a method for better simulating the behaviour of human resources in business 
processes, supporting a wide range of rich visualization applications that can 
facilitate communication between business analysts and stakeholders. 
A general resource behaviour modelling approach was developed, called the 
HTN-RP, employing findings in the workflow and automated planning domains that 
can rationally describe the behaviour of human resources in business environments, 
providing an underlying simulation mechanism for a human resource modelling tool. 
The approach has been validated against the workflow control patterns and some 
classical resource optimisation techniques. 
Research establishing the utility of applying a 3D virtual world to process 
communication was also performed. A novel and general 3D virtual world 
iv 
visualisation approach was created, with several visual applications developed to 
obtain empirical results from a population of domain stakeholders and analysts. 
Experiments with both the hybrid Multi Agent System (MAS) and the 3D 
Virtual World visualisation techniques provide supporting evidence for its validity in 
simulating human resource behaviour in workflow system and facilitating 
communication processes between business analysts and stakeholders.  
It is expected that the findings of this thesis may be fruitfully extended from 
BPM to other application domains, such as social simulation in video games and 
computer-based training animations.  
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xxi 
Glossary  
BPM communication model 131 
An abstracted model that represents the components involved in the conversation between 
business analysts and stakeholders. 
Diagnosis phase 3 
A phase in the BPM lifecycle, where business plans are amended for efficiency promotion. 
Gaia Method, Gaia methodology 41,91 
A model-based design and development method for a multiple agent system. 
human resource, non-human resource 2, 92 
Human resource refers to the staff in a workflow system; non-human resource refers to 
materials, such as devices or equipment in a workflow system. 
Human Resource Agent, Resource Agent 96 
Human Resource Agent or Resource Agent refers to the agent that is used in the simulation 
system. It simulates human resource behaviour in the real workflow system. 
HTN-RP modelling approach 62 
A modelling approach proposed in Chapter Three, where a mathematical model about task 
scheduling and empirical model about human resource interactions are employed.  
Model Comparison 103 
A validation method that compares results generated by one system with the results generated 
by another system or some pre-existing results. 
objective validation 71, 103, 169 
An analytical procedure, involving objective evidence, is to demonstrate that it is suitable for 
its intended purpose. 
operator, action, grand action, operator action 37 
An executable entity in the planning activity. 
Pareto Efficiency, Pareto Front 71 
Pareto Efficiency is a trade-off solution state where interest bottom lines of stakeholders are 
not broken; Pareto Front is an optimized Pareto Efficiency, where the interests of stakeholder 
are maximized. 
resource model 6,70,118 
A component in the resource perspective that keeps the details of resources in the workflow 
system. 
subjective validation 167 
An analytical procedure, involving subjective evidence, that is used to demonstrate that an 
artefact is suitable for its intended purpose. 
State 38,158,160 
An atom that indicates the situation in a world. 
simulation system 12, 95 
A computer based system that can emulate the lifecycle of an object in reality. In particular, it 
refers to an agent based system proposed in Chapter Four. 
task network 39,61 
xxii 
A mathematical formal for scheduling tasks. 
Trace 103,105 
A technique that examines the behaviour and performance of an individual in the simulation. 
validity 75,83,175 
 A conclusion or measurement is well-founded and corresponds accurately to the real world. 
visualization system 148 
A computer based system that can visually represent complex data and relationships. In 
particular, it refers to an agent based system proposed in Chapter Six. 
virtual world 8,46,126,135,156 
A computer-based, simulated, multi-media environment, usually running over a computer 
network, enabling the user to inhabit and interact via their own graphical representations. 
Workflow 19 
The automation of a business process, in whole or part, during which documents, information 
or tasks are passed from one participant to another for action, according to a set of procedural 
rules [1]. 
workflow engine 30 
A component in the workflow management system that manipulate the state of a task. 
workflow (control, resource, data) pattern 26 
Repeatedly used workflow structures in a refined form, providing the basis for the 
development of well structured workflow systems. 
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Chapter 1: Introduction 
Business Process Management (BPM) is a holistic management approach focusing 
on aligning all aspects of an organization to elicit efficient and effective business 
processes. 
Its life cycle contains four phases, process design, system configuration, 
process enactment and diagnosis. The diagnosis phase involves testing of proposed 
business plan updates to suit present or new business requirements. In this phase, 
simulation, verification and validation are approaches used to support effective 
diagnosis of process problems. Despite the importance of comprehensive diagnosis, 
human resource simulation and communication of diagnostic results remain difficult 
problems in BPM [2-11]. 
This research considers these problems that may be addressed by applying 
artificial intelligence in multiple agent systems to simulate human resources, and 3D 
virtual world environments to more effectively communicate diagnostic results. 
Herein this research considers human resources as planning agents with the capacity 
to plan work activities, expressed in a multi-agent human resource simulator. In 
addition, the diagnostic results derived from human resource simulations have been 
explored through 3D virtual world visualizations that permit real-time observations 
of human resource model animations in virtual business environments. 
The research background and motivation are outlined in Section 1.1, and 
problems in diagnosis phases are introduced in Section 1.2. Section 1.3 defines the 
research aims, hypotheses and questions, followed by a discussion on significance 
and contributions in Section 1.4 and a thesis structure outline in Section 1.5. 
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1.1 RESEARCH BACKGROUND AND MOTIVATION 
Presently, business analysts often use the term workflow system to describe the flow 
of work in their business IT environment. The approach for managing several 
identified aspects of a workflow system is known as Workflow Management (WFM) 
[2, 3]. WFM can be understood from three basic perspectives known as the control, 
resource and data perspective. The control perspective is concerned with the 
temporal and logical ordering of work activities. The resource perspective concerns 
human and non-human resources, including their organizational structures or 
associations. Finally, the data perspective is concerned with the flow of data between 
the work activities supporting the execution of a process case. 
Furthermore, the life cycle of a business solution in WFM involves three 
phases: Process Design, System Configuration and Process Enactment [1]. Process 
Design involves process modelling, where models may be described with highly 
conceptual visual depictions that can help business analysts and stakeholders 
understand work activities. In the System Configuration phase, resources in the 
system, such as software components, computers and devices, are allocated 
according to a process model design, derived from gathering activity information 
within the business. Afterwards, in the Enactment Phase, the workflow system is 
executed, whereby the entities in this system coordinate with each other according to 
predefined process model(s). In practice, these phases are supported by a type of 
Process Aware Information System (PAIS), called the Workflow Management 
System (WfMS)[4]. 
With continued advances in computer technology, WfMS are progressively 
able to deal with business processes at more complex levels. With faster modern 
computer networks, different departments in an enterprise can remotely coordinate 
and cooperate with each other in real-time. This means a business process may 
involve several different geographically remote departments, rather than a single 
spatially co-located set of departments. A problem occurring in one department may 
impede the work activities in the other departments; for example, the delay of a 
payment activity in the financial department may result in a late device procurement 
activity in the purchasing department. This may result in postponement of process 
execution at the operational level. Therefore, business analysts need to analyse, 
examine and amend the design of business processes to ensure their correctness in 
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very large and complex modern enterprises. In other words, the distribution of these 
workflow systems introduce problems that require holistic management software 
across departments to support the diagnostic phase of the business processes [5]. 
As a result, BPM has been proposed as an extension of WFM (viz. [1, 16, 17]). 
Compared with WFM, BPM extends the life cycle of WFM and adds one more 
phase, namely, the Diagnosis Phase [1, 4, 16]. Figure 1-1 gives an overview of the 
WFM and BPM life cycles. 
 
 
Figure 1-1 The life cycle of BPM and WFM adapted from [1]. 
 
The Diagnosis Phase, as an additional phase, continually improves business 
processes in organizations [1, 6]. It exposes design flaws in a workflow system via 
Simulations, Verifications and Validations of a workflow model [6, 18-22]. 
Simulation in the BPM domain refers to systems that can emulate processes, 
people and technologies in a dynamic computer model [7]. The predictive power of 
simulations can enable business analysts to determine results about the performance 
of processes, people and technologies in complex business environments. 
Verification refers to mathematical certification of workflow states. Validation refers 
to tests that ensure workflow products comply with the requirements of real 
workflow environments.   
Indeed, Simulation, Verification and Validation are closely related to each 
other [8, 9]. Simulations can generate performance information about verified and 
validated workflow products, providing business analysts with valuable information 
for decision making. For example, business analysts may have several validated and 
verified workflow models. Running these workflow models in a simulation tool can 
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predict the performances of these models, such as financial cost and time 
consumption. With the performance results in hand, business analysts can determine 
which models can best suit their needs. Figure 1-2 shows how the Simulation, 
Verification and Validation are positioned within the Diagnosis Phase of the BPM 
life cycle. That is, these three activities are critical to business plan improvement [1, 
10] and have drawn great attention from the industrial domain. 
 
 
Figure 1-2 The relationship between Simulation, Validation and Verification in the 
context of the BPM Diagnosis Phase. 
 
According to Gartner Research [11-13], the major users of BPM products have 
expressed the opinion that major business process improvements have been realized 
by products used in the diagnosis phase. Moreover, BPM software products have 
continually received investment and funding from industry and research 
organizations in the last five years. Even during the 2008 and 2009 economic crisis, 
the investment still increased by 15% [11-13]. This demonstrates the importance of 
the Diagnosis Phase to business process improvement, which fundamentally 
motivates this research.  
 
1.2 RESEARCH PROBLEM 
Despite the fact the Diagnosis Phase can improve business processes; there are still 
problems with carrying out this BPM phase in a business process improvement 
project. 
In the simulation component, research opportunities can be concluded from 
readings [9-11] are: 
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 Lack of simulation approaches for operational decision making - most 
simulation tools can only provide simulation at the strategic level, rather 
than simulation at the operational level [9-11]. Therefore, these simulation 
tools cannot meet the needs of managers at the operational level. 
 Simulation process model construction problems - large and complex 
process models for simulation are usually manually generated, and less 
historical information about processes are used. In terms of time 
consuming and repetitive work, these leave burdens for simulation 
designers and often results in problematic process models and longer time 
taken in the modelling stage [14, 15]. 
 Human resource behaviour simulation issues - research has focused 
heavily on the control perspective, with little consideration for simulation 
of the resource perspectives [16, 17]. This impedes business analysts when 
analysing the human resource behaviour in the workflow system [18, 19]. 
 
In the verification component, research opportunities can be concluded from readings 
[5-8]: 
 Resource consistence verification issues - at running time, the 
availability of resources at the operational level is the premise of task 
execution [20]. Without an appropriate resource, the execution may be 
impeded. Thus, verification of resource availability is vital for operational 
execution[21]. 
 Task logical and temporal ordering verification - mature logical and 
temporal ordering verification approaches can detect defects in the process 
models [22], ensuring the designed process models can meet requirements 
in real. 
 
In the validation component, research opportunities can be concluded from the 
readings [2-4]: 
 Communication issue between business analysts and stakeholders. 
Ineffective communication process between business analysts and 
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stakeholders has frequently been reported [23, 24]. As an important factor 
in success of BPM projects [25], an ineffective communication approach 
may result in the failure of a process modelling and improvement exercise. 
 
Apart from these general problems, some research opportunities from application 
domains can be concluded from readings [4, 33-36]: 
 Healthcare domain - one problematic application of BPM products is in 
the healthcare domain. It is reported that the main challenges for healthcare 
workflow applications are resource constraints and task execution related to 
resource model, service quality and operation efficiency improvement [33-
36].  In addition, stakeholders are not trained as business analysts and so 
require operational representations to understand and make process 
improvement decisions [26].  Therefore, a superior resource modeling and 
communication approach may prove beneficial to this large application 
domain. 
 
The previous paragraphs provide insight into the research opportunities in the 
Diagnosis Phase and the industrial domain, and motivate the commencement of this 
research.  In this research, the focus of this research has been on the Diagnosis Phase, 
in terms of simulation in the resource perspective and communication issues in 
validation. Moreover, the healthcare domain is selected as the research application 
background to demonstrating the utility of the research results. 
 
1.3 RESEARCH AIMS, HYPOTHESIS AND QUESTIONS 
Given these research problems, the research aim of this thesis is to create an 
approach that provides an effective communication of diagnostic results derived 
from human resource simulations, expressed in a 3D virtual world. This aim 
involves the two following objectives: 
1) To develop multi-agent architectures that can simulate human resource 
behaviour in workflow planning. 
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2) To develop effective communication approaches for business processes 
through 3D virtual world environments. 
These two objectives are aligned with two hypotheses in this research. The evidences 
supporting these two hypotheses are discussed in following chapter. 
On the one hand, intelligent agents and MAS have been widely used in 
simulation research. An MAS is a society of Intelligent Agents [27]. These agents 
can sense the state of the environment they are in and take actions affecting their 
environment [27, 28]. Some of them have reasoning and planning as well as learning 
capacities [29], which can be used to simulate human behaviour. 
On the other hand, 3D virtual worlds have been widely used for visualisation 
and communication purposes. 3D virtual worlds can replicate the real world as a 
virtual world [30], where participants are surrounded by, and allowed to interact 
with, the objects [31]. The intelligent agent in a workflow system can be a 3D Virtual 
World participant and can control an avatar with a 3D humanoid representation so as 
to demonstrate human work behaviour. Using such representations, business analysts 
and stakeholders in the real world can intuitively simulate results without reading 
abstracted conceptual models, catering to the needs of naïve stakeholders.  
In addition, some projects already have shown the utility of MAS and 3D 
Virtual Worlds [43-45]. Such integrated systems have been applied to the 
educational and professional training needs of the military [32] and healthcare 
domains [33, 34]. 
With evidence discussed above [38-45], it is believed that an agent based 
synthetic environment and observable inhabitants of a virtual world, if being 
correctly translated from reality, can provide business analysts with human resource 
behaviour simulation and intuitive communication approaches for business process 
models. Figure 1-3 gives an illustration of a proposed implementation using the 
approach. 
8 
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Figure 1-3 Snapshots of an emergency treatment workflow visualized in a 3D virtual 
world, where several avatars are about to revive an injured person. Four HUD images 
indicate the current state of the visualized workflow system (1), human resource 
workload (2), condition of the patient (3) and entity relationships (4). This can help 
virtual world participants, whether a business analyst or stakeholder, recall what 
happens in reality or comment on the conceptual model. 
 
Considering the research aim and objectives, and hypothesis, the key question of this 
research is: 
Can multi-agent / virtual world approaches assist with human resource 
behaviour simulation and enhance communication processes in validating 
human resource components of a process model? 
To more completely answer this key question, the following four sub-questions 
will be addressed. 
1) What is an appropriate general modelling approach for human resource 
behaviour in a workflow system? 
2) How can intelligent agents be designed so that they effectively simulate 
the work item management actions of human resources in a workflow 
system? 
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3) How can a 3D virtual world application effectively support the 
communication process between business analysts and other 
stakeholders? 
4) What visualization configurations can be developed for a workflow 
system, to suitably enhance communication between business analysts 
and stakeholders? 
 
1.4 SIGNIFICANCES AND CONTRIBUTIONS 
Presently, some research work [9, 10, 46-52] related to this thesis can be identified. 
A comparison between these research works and this thesis can tell the significance 
and contributions in simulation and validation, respectively.  
In the human resource behaviour simulation aspect, this is first research work 
that utilizes automatic planning approaches and empirical results to model human 
resource behaviour. It can automatically generate a detailed and deterministic human 
resource planning behaviour in the workflow system, rather than some manually 
designed ad-hoc models proposed in [14, 35]. The outputs of this research benefits 
business analysts and stakeholders who have interests in understanding human 
resource behaviour at the operational level. 
In the simulation component, this thesis makes the following contributions 
towards the human resource simulation: 
 Hierarchical Task Network Resource Pattern-based Modelling 
Approach. The modelling approach not only can formally represent 
human resource behaviour identified by some empirical studies, but can 
also automatically generate large numbers of interactions between human 
resources.  
 Human Centric Simulation System. An agent-based simulation system 
that can rationally represent human resource behaviour in a workflow 
system. The versatile simulation system can be adapted as a simulation 
component for generic WfMS, a testing tool for pattern based WfMS, as 
well as a decision support tool for business analysts. 
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Regarding communication approaches, this is the first study that provides 
comprehensive results involving theoretical and empirical findings to claim the 
virtual worlds can be used to enhance communication between business analysts and 
stakeholders. Presently, research work related to virtual world based communication 
approach has been identified [49-53]. These works have realized that the virtual 
world is powerful in demonstrating human activities in an enterprise. However, they 
do not address how virtual worlds can be used as an alternative tool for facilitating 
communication in the Diagnosis Phase of BPM life cycle, in particular, they don’t 
explore suitable visualization techniques for communication tasks in the Diagnosis 
Phase. 
Regarding validation components, this thesis makes the following 
contributions: 
 Theoretical Analysis of Problematic Communication Processes. A 
theoretical analysis of communication to stakeholders is performed, which 
explains how to optimize the communication process, as well providing 
designs for virtual world based visualizations. 
 Workflow Visualization Architecture and Visualization Configuration 
Evaluation. An agent-based system that can be configured to generate 
useful visualizations for a workflow system. Via user evaluation, a suitable 
visualization configuration has been selected and validated.  
The significant and contributions discussed above are extensions of following 
publications: 
 Guo Hanwen, Brown Ross & Rasmussen Rune (2011) Human resource 
behaviour simulation in business processes. In 20th International 
Conference on Information Systems Development (ISD 2011), August 24-
26, 2011, Edinburgh, Scotland.  
 Guo Hanwen, Brown Ross & Rasmussen Rune (2012) Virtual worlds as a 
model-view approach to the communication of business processes models. 
In CEUR Workshop, In 25th International Conference on Advanced 
Information Systems Engineering (CAiSE 2012), June 23-28, 2012, 
Gdansk, Poland. 
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 Guo Hanwen, Brown Ross & Rasmussen Rune (2013) Workflow Resource 
Pattern Modelling and Visualization In Australasian Computer Science 
Week 2013 (ACSW2013) , January 29 – February 2, 2013, Adelaide, 
Australia. 
 Guo Hanwen, Brown Ross, & Rasmussen, Rune. (2013) A theoretical 
basis for using virtual worlds as a personalised process visualisation 
approach In Advanced Information Systems Engineering Workshops, 
Lecture Notes in Business Information Processing, Springer, Valencia, 
Spain, pp. 229-240. 
 
 
1.5 THESIS OVERVIEW 
This research carried out within the Information Systems (IS) discipline. Information 
Systems (IS) refers to the study of modern network-based computer systems that 
facilitate people and organizations to collect, filter, process, create, and 
distribute data [36].  
Nunamaker and Chen [37] proposed a widely accepted research methodology 
in the IS domain
1
. A general view about their research methodology is in Figure 1-4, 
which contains five components. The research in this thesis has been performed 
under this research methodology; in particular, it has driven the adoption of number 
of specific validation techniques for system evaluation. Section 1.5.1 provides a 
rationale for the usage of validation approaches in this thesis, to show their utility 
and relationship to the thesis outcomes as a whole. Section 1.5.2 concludes with a 
view of the thesis structure, where the details of, and relationship between, chapters 
are introduced.  
 
 
                                                 
1
 According to Google Scholar, it has been cited over 600 times. 
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Research Component 
Name 
Brief Introduction 
Conceptual Framework 
Establish the research question and review literatures in the relevant 
disciplines 
Architecture Development 
Divide the main research question into several sub research questions, and 
define research modules for each sub research question 
Analysis and Design 
Define the research process of research modules, and conduct research 
activities for each research module 
System Implementation 
Conduct the research modules and exam the internal consistency of these 
resource modules 
System Validation Exam the suitability and applicability of the research 
Figure 1-4 Research guideline that is used in the information system domain and 
applied to this thesis, adapted from [37]. 
 
 
1.5.1 Validation Technique Rationale 
This section will focus on introducing the approach validation techniques. It helps 
the reader comprehend the terminology and context of the implementation and 
validation approaches used in this thesis. 
The approach is implemented via two agent systems. The simulation system 
(Chapter Four) can derive human planning behaviour in the workflow system, whilst 
the visualization system (Chapter Six) visualizes the planning behaviour in a 3D 
virtual world. The relationship between these two systems is analogous to the 
relationship between Model, View and Control components in the MVC design 
pattern [38]. That is, the simulation system (as the Model and Control component) 
manipulates the logic aspect of the entire system; the visualization system represents 
the logic in the system to end users. 
Validation of the approach involves three validation techniques, which are 
objective validation of the modelling approach (in Chapter Three) and simulation (in 
Chapter Four), and subjective validation for the visualization (in Chapter Six). 
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The validation work for modelling approach (in Chapter Three) will be 
presented in a portfolio management context. In such a context, some classical 
resource allocation approaches are used to achieve a trade-off state, where multiple 
stakeholders who hold various interests can be satisfied. Similarly, the modelling 
approach in this thesis can describe resource allocation via the interactions among 
multiple stakeholders (workflow human resources). Therefore, the validation of the 
modelling approach will be performed using a portfolio management context. 
Validating the workflow simulation component (in Chapter Four) will employ 
process mining techniques to investigate the internal consistency of the simulation 
system. Such techniques can be used to rediscover previously designed workflow 
models from logs that record simulated human resource behaviour, known as 
rediscovered models. Therefore, the internal consistency of the simulation system 
can be measured via a comparison between the rediscovered model (after the 
simulation) and designed model (before the simulation).  The closer the rediscovered 
model is to the designed model, the more internally consistent and rational the agent 
architecture being used.  
Subjective validation approaches are used for the visualization system (in 
Chapter Six). Subjective approaches test personal attitudes toward the 
communication approach proposed in this thesis, which is appropriate for 
visualization research, as it requires empirical approaches to determine the utility of 
the representations [39] .  
A combination of the objective and subjective validation approaches thus 
provides a comprehensive and effective validation of the entire research.  
 
1.5.2 Thesis Structure 
The relationship between these chapters can be outlined with components listed out 
in Figure 1-5, see the following discussion. 
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Figure 1-5 The graphical representation of this thesis as two main modules and a 
conceptual development component. 
 
 
Chapter Two: Literature Review 
This chapter summarizes current research works and identifies the theoretical 
foundations for this thesis. The literature review covers three study fields, which are 
Business Process Management, Artificial Intelligence and Multi-agent Systems. The 
utility of this chapter is to comprehend contemporary research works and strengthen 
the research hypotheses by identifying issues with process diagnosis. 
Chapter Three: HTN Resource Pattern Modelling Approach 
This chapter aims to establish a modelling approach for human resource 
behaviour in a workflow system. The chapter begins with an introduction on 
Resource Patterns and Hierarchical Task Networks (HTN), and then discusses how 
to use an HTN to model human resource behaviour. The modelling approach is 
examined and compared with other relevant approaches. Experimental results show 
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that this modelling approach can be configured to achieve a similar performance to a 
number of classical approaches. 
This chapter addresses the first research sub-question, “What is a general 
modelling approach for business analysts to model human resource behaviour in a 
workflow system”? 
Chapter Four: Human Resource Centric Simulation System 
This chapter proposes an agent-based system for simulating the behaviour of 
human resources in a workflow system. The system involves several types of 
intelligent agents. The responsibilities of these intelligent agents are defined. 
Amongst these intelligent agents, one type of intelligent agent is driven by the 
modelling approach discussed in Chapter Three. The behaviour of the agent system 
is examined, and results show that the system is able to accommodate almost all of 
the identified workflow patterns described in BPM research. 
This chapter addresses the second sub-question, “How can intelligent agents be 
designed so that they can effectively simulate human resources in a workflow 
system?” 
Chapter Five: Theoretical Analysis of Virtual World Visualization 
This chapter explores the feasibility of utilizing a virtual world as a 
communication approach between business analysts and stakeholders. The chapter 
theoretically analyses why there are problems in process model communication, and 
proposes an effective communication approach. This chapter provides a theoretical 
basis for the system in Chapter Six. 
This chapter addresses the second sub-question, that is, “How can a 3D virtual 
world application effectively support the communication process between business 
analysts and stakeholder”? 
Chapter Six: Workflow Visualization System 
This chapter discusses an agent system that can provide visual assistance for 
process communication tasks, being complementary to Chapter Five. The presented 
system can be configured to generate different visualizations for a workflow system. 
The contemporary visualization configurations for a workflow system are reviewed, 
and the best visualization configuration is selected through subjective evaluation.  
16 
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This chapter answers the second sub-question, that is, “What is a better 
visualization configuration for a workflow system that can suitably enhance 
communication between business analysts and stakeholders”? 
Chapter Seven: Conclusion and Future work 
This chapter draws finial conclusions regarding the entire thesis. It states the 
achievements that have been made in previous chapters, and reviews the research 
questions posed earlier. In addition, it discusses the limitations of this research, and 
suggests some future research directions. 
17 
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Chapter 2: Literature Review 
This chapter seeks to describe the state of the art in the relevant fields of research 
related to this thesis. The review covers literature in three study areas, Business 
Process Management (BPM) and Workflow Management (WfM) in Section 2.1, 
Artificial Intelligence in Section 2.2, as well as some virtual world applications of e-
commerce and workflow management in Section 2.3. Finally, Section 2.4 provides a 
summary of this chapter, presenting a prima facie of relevant knowledge to form a 
strong basis for the research hypothesis in this thesis.  
18 
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2.1 BPM AND WFM 
BPM provides people with a range of management strategies, analytical approaches, 
and optimization solutions for business processes, which may be implemented by a 
Process Aware Information System (PAIS) known as a Workflow Management 
System (WfMS). Usually, a WfMS involves several components, such as a process 
modelling tool, model enactment engine and business process simulation. 
This section aims to introduce some selected aspects of BPM and WfM. It 
begins with a brief history followed by an introduction to business process modelling 
languages, discussions on empirically derived workflow patterns, the architecture of 
a typical WfMS and business process work simulations. 
 
2.1.1 The Development of BPM from WfM 
BPM is an approach that provides enterprises with holistic management strategies. 
Van der Aalst et al. [1] defines BPM as a set of procedures for “Supporting business 
processes using methods, techniques, and software to design, enact, control, and 
analyse operational processes involving humans, organizations, applications, 
documents and other sources of information”. 
Conventionally, the lifecycle of BPM consists of four phases, namely Process 
Design, System Configuration, Process Enactment and Diagnosis [1, 40]. In the 
Process Design phase, a conceptual model is used to define business processes. In the 
System Configuration phase, applications that can support business processes are 
arranged through multiple departments and computer systems according to this 
model. Thereafter, in Process Enactment, model enactment occurs where entities 
defined in the model interact with each other to accomplish a business process. The 
last Diagnosis phase includes the application of business process analysis and 
improvement strategies [41] that focus on simulation, validation and verification of 
the previously defined this model. 
Within BPM, workflow management involves a set of procedures for 
managing and delegating work activities [1, 58-60]. The Workflow Management 
Coalition (WfMC) [1] defines workflow as: “The automation of a business process, 
in whole or part, during which documents, information or tasks are passed from one 
participant to another for action, according to a set of procedural rules”. 
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That is, workflow is a task transition system where tasks flow from one 
resource or participant to another. A workflow system is a set of workflows in a 
business environment [2]. Given the rich information flows involved in workflow 
systems, van der Aalst and ter Hofstede [42] state that a workflow system can be 
understood from the perspectives of control, resource and data. The control 
perspective considers temporal and logical orderings of tasks that may even be 
represented symbolically by a workflow language. The resource perspective involves 
organizational structures and resource responsibilities in organisations, and the data 
perspective indicates the flows of data within workflows. 
In 1999, van der Aalst and ter Hofstede initiated the Workflow Patterns 
Initiative
2
 with the aim of providing a conceptual basis for business process 
technology. This initiative categorised patterns, known as the workflow patterns [43, 
44], through a survey of conventional solutions that had reoccurred over a range of 
commercial PAIS products. These patterns capture repeatedly used workflow 
structures in a refined form, to provide the basis for the development of well 
structured workflow systems. Since the 90s, the Workflow Pattern Initiative has 
developed control, resource and data patterns, where each set of patterns 
corresponded to the control, resource and data perspective previously described [64-
66]. The Control Patterns provide a formal basis for workflow languages that 
describe business process logic. Resource Patterns describe the interactions between 
resources and systems, and Data Patterns describe the flow of data within workflows. 
These three patterns are not only the foundation of PAIS [4] but they also form 
guidelines for workflow system development. 
 
2.1.2 Workflow Languages 
Workflow languages provide an abstract formalism to define task transitions, 
resource usage and data updates in real workflows. Such languages may involve 
graphical symbols to depict the transition mechanisms underlying the workflow 
system. An example are workflow languages based on Petri net such as YAWL [42]. 
In addition, workflow languages, such as Business Process Execution Language 
(BPEL) [45], are generally also defined in XML. 
                                                 
2
 http://www.workflowpatterns.com/ 
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Petri Net 
Petri nets are used in workflow languages for the following reasons [46], as they 
provide: 
 Formal semantics and graphical representations; 
 State-transition mechanisms; 
 Bases for a vast array of analytical techniques 
Rozenberg et al [47] have defined Petri net as a type of transition system that 
extends elementary net systems:   
 
Definition 2-1 
A net is a triple          , where: 
1) P and T are finite sets with       , 
2)              ,, 
3) For every     there exist such that (            , and 
4) For every     there exist        such that (             ,the 
    
 
 
Definition 2-2 
A configuration of a net          is a subset of P  
 
 
 
Definition 2-3 
An elementary net system (EN system), is a quadruple             , 
where: 
1)         is a net and 
2)       is the initial configuration 
 
The set P above is a set of places, and T is a set of transitions. The global state of a 
net is indicated by a subset of P, known as a configuration. The fire mechanism 
enables the EN system to transfer from one global state to another via the set of 
transitions T, see the definition below: 
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Definition 2-4 
Let              be an EN system and let    . 
1) Let     be a configuration. Then t has concession in C (or t can 
be fired in C, or I is enabled in C) if       and     ,written as t 
con C. 
2) Let       . Then t fires form C to D if c con C and   
         , written as      , t is also called a sequential step 
from C to D. 
 
An occurrence of transition t is a transition between configurations as t fires. A Petri 
net is defined as an elementary net system with a mapping mechanism, see definition 
below: 
 
Definition 2-5 
A Petri net,        , is an elementary net system with a mapping 
mechanism. 
1)              is an elementary system, where C is a 
configuration. 
2)             is the mapping that transit values from place in 
to another associate with     
 
A Petri Net is represented as a weighted and directed graph [48], as shown in Figure 
2-1. The configuration in this Petri net is represented by two tokens in place p1, 
which also indicates values in p1.  
 
Figure 2-1 The graphical representation of a Petri net 
 
Conventionally, a circle represents a place in P, and the values of a place may be 
donated by dots in the circle, called tokens. The transition in T is represented by a 
black rectangle. Arcs connect the places and transitions but never places to places or 
transitions to transitions, and the number on the arcs indicates the arc multiplicity. 
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As the fire mechanism is invoked, tokens in one place will flow into the other 
places via transitions, directed by arcs, see Figure 2-2. On the left-hand side is the 
Petri net before it is fired. On the right-hand side is the Petri net after it is fired. 
When the numbers of tokens in the input places p1 and p2 are equal to or greater than 
the multiplicity of the arcs to transition t1, these tokens are consumed by t1 and new 
tokens are created by t1 in the output places. In the output places, the number of 
newly created tokens equals the multiplicity of the arc between t1 and the place. At 
the application level, people call a place in Petri nets an activity, where a workflow 
resource executes a set of actions to finish a certain task [48].  
 
Figure 2-2 The fire mechanism of the Petri net. Places p1, p2, p3 and p3 are 
activities (tasks) in the workflow system. 
 
The description above details a classical Petri net, which may be used to represent 
the transition of states in a workflow system. Four constructors are frequently used in 
business process modelling as routine controllers, namely the AND join, AND split, 
OR join and OR split (see Figure 2-3. clockwise, they are AND join (a), AND split 
(b), OR join (c) and OR split (d)). 
 
 
Figure 2-3 Four basic routine controllers in a Petri net. 
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Classical Petri nets used to model workflows may be extended to a High-level Petri 
net, which may involve colours that depict the difference between values, and times 
that indicates delays and durations in a workflow system as well as hierarchical 
structures, etc. [48].  
Despite the fact that Petri nets have expressive semantics and graphical 
representations, they are not complete. Van der Aalst and ter Hofstede [49] identified 
some workflow patterns, such as the multiple instances pattern, advance 
synchronization pattern and cancellation pattern that are not directly support by a 
Petri net in an application. With this in mind, High-level Petri nets have been used to 
underpin Yet Another Workflow Language (YAWL) in order to facilitate business 
process modelling [42]. 
 
YAWL 
In the application of workflow models, a YAWL specification represents an instance 
of workflow as a network of tasks [42]. In addition, YAWL allows for workflow 
hierarchies through an extended workflow net (EWF-net) system. The EWF-net 
consists of a set of conditions or places, tasks or transitions, routine controllers and 
multiplicities associated with each task transition. Each EWF-net has a unique input 
condition and output condition. 
There are four types of tasks, the first two being atomic tasks and composite 
task, while the final two are combinations of the first two. Each Task corresponds to 
an activity as defined for Petri nets, which is executed by resources in a workflow 
[48].  
Similar to the four workflow controllers in Petri nets (see Figure 2-3), YAWL 
has six fundamental controllers: AND-split, AND-join, XOR-split, XOR-join, OR-split 
and OR-join. The controllers that differ in form to the Petri net version are the XOR-
split and XOR-join. The XOR-split is similar to the OR-split except that only one 
output place can receive a token, and XOR-join is similar to the OR-join except that 
the task will only complete when exactly one input has a token. The full visual 
grammar for YAWL is graphically depicted in Figure 2-4. 
 
24 
24 Chapter 2: Literature Review    
 
Figure 2-4 Graphical representation of notations in the YAWL language [42] . 
 
The semantics of YAWL specifications are defined by state transition mechanisms, 
which can be seen in Figure 2-5 represented in a Petri-net form. When transitions in 
the Petri Net of an atomic task are fired, tokens will be generated in. The change in 
configuration of this Petri net is represented by a token flow that starts from startt 
and ends at completet, through exect. The imap(t) and omap(t) is used for an iteration of 
execution, such as multiple instances of a task. This is demonstrated by the left 
diagram in Figure 2-5. The right diagram in Figure 2-5 depicts a composite task, 
where it is extend by a mapping. 
 
 
Figure 2-5 The semantics of YAWL languages [42]. 
 
Figure 2-6 gives an example of a YAWL specification, where three EWF-nets are 
denoted with A, B  and C, and combined in a hierarchical structure. 
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Figure 2-6 The graphical representation of a YAWL specification [42]. 
 
 
BPEL and its Extensions 
The Business Process Execution Language (BPEL) is an executable language for 
specifying actions with business process with web services, assisting information 
import and export in a process by using web service interfaces. IBM and Microsoft 
proposed BPEL, as a combination of their executable business process languages 
(WSFL and XLANG), and was approved by the Organization for the Advancement 
of Structured Information Standards (OASIS)
3
. 
BPEL is a workflow language describing the automated arrangement, 
coordination, and management of a business process environment, complex 
computer systems, middleware and services. Usually, it is represented in XML 
serials with the aim of satisfying the needs of solution dealing with multiple 
resources, interactions and tasks in a heterogeneous environment, known as 
“programming in the large” [50].  
In addition to the XML form of BPEL, the Business Process Model and 
Notation (BPMN) provides a graphical front-end to capture intuitive BPEL process 
descriptions. An example of a workflow model presented by BPMN is available in 
Figure 2-7. 
                                                 
3
 The description of OASIS https://www.oasis-open.org/committees/tc_home.php?wg_abbrev=wsbpel 
26 
26 Chapter 2: Literature Review    
 
Figure 2-7 An example of a BPMN represented workflow model, being obtained 
from [51]. 
 
BPEL can be combined with BPMN in workflow modelling tool, which enables 
developers to easily model complex workflow structures. While such tools may cater 
for modelling in the control perspective, BPEL4People [52] has been proposed, as an 
extension to enable resource modelling, by providing workflow developers with a 
modelling tool to describe the role-based human interactions in the business 
processes. The syntax and semantics of BEPL4People is based on the WS-Human 
Task specification, which defines human tasks and notifications, including their 
properties, behaviour and a set of operations used to manipulate human tasks. 
Compared with BPEL, BPEL4People describes the coordination protocols that 
facilitate the control autonomy and life cycle of service-enabled human tasks in an 
interoperable manner. 
 
2.1.3 Workflow Patterns 
Many of the patterns that belong within the three workflow perspectives were 
discovered by Russell et al in [64-66] and form the foundation of PAIS and BPM [4]. 
While earlier work focused mainly on the control perspective, later work has 
identified the resource and data patterns for workflow resource and data perspectives. 
The control patterns are a set of patterns describing the temporal and logic 
ordering of tasks [53]. Initially, these patterns are used to represent the expressive 
power of a workflow language [49]. The original control patterns can be classified 
into six classes with detailed descriptions available in Table 2-1 below.  
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Table 2-1 The brief description of six control pattern classes. 
Pattern Class Brief Description 
Basic Control-Flow 
The elementary aspect of process control, such as sequence, 
parallelism and synchronization. 
Advanced Branching 
And 
Synchronization 
The complex aspect of process control, such as multiple- 
choice, branching and merging concepts. 
Structural 
The design restrictions that can decide some run time 
behaviour of workflow model. 
Multiple Instance 
Multiple executions related to the same activity in the 
workflow model. 
State-based 
Run-time execution is dependent on a collection of data 
attributes. 
Cancellation 
Some particular events or state at run-time can terminated 
the activity or workflow instance. 
 
With the conclusion of these six classes of control patterns, Russell et al [53] 
extended them and defined an additional twenty three new control-flow patterns 
occurring in contemporary commercial PAIS. 
In addition, Russell et al. [54, 55] identify the behaviour of workflow resources 
in connection with WfMS, and characterized these behaviours as resource patterns. 
The behaviour of workflow resources and systems can trigger a workitem to transit 
from one state to another. That is, a workitem can be in the state of created, offered, 
allocated, started, suspended, failed and completed by a resource.  
Furthermore, Russell et al. divided these resource patterns into seven different 
classes. The names of these classes are Creation Pattern, Push Pattern, Pull Pattern, 
Auto-start Pattern, Visibility Pattern and Multiple Resource Pattern. Figure 2-8 
indicates state-transition mechanisms in five pattern classes, being notated by 
different dashed lines. In addition to the classes shown in Figure 2-8, the Visibility 
Pattern is a class of resource pattern dealing with workitem authorization issue, while 
the Multiple Resource Pattern is a class resource pattern representing many-to-many 
relationship between workitems and resource. A brief description of these five 
patterns is in Figure 2-8. 
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Figure 2-8 A visual representation of the resource pattern. The rectangles are used 
for representing the states, and arrows are used for the transitions. 
 
Table 2-2 The brief description of resource patterns. 
Pattern Class Brief Description 
Creation how a workflow management system creates a workitem 
Push 
how a workflow management system allocate the workitem to a 
resource 
Pull how a resource starts the workitem 
Detour how a workitem is related to another resource 
Auto-start how one workitem can trigger the execution of other workitems 
Visibility 
describes the various scopes of workitem availability and 
commitment able to be viewed by resources 
Multiple Resource 
how several workitems are allocated to several resources, and 
how these resources execute the workitems. 
  29 
Chapter 2: Literature Review 29   
The Data Pattern [56] covers various usages of data in the workflow system 
implementation. Russel et al in [56] divided these characteristics into four distinct 
groups, namely Data Visibility, Data Interaction, Data Transfer and Data-based 
Routing. 
Data Visibility involves the use and validation of data elements in workflow 
language, whereas Data Interaction illustrates the data exchanges between active 
tasks within one or more process instances. The patterns in Data Transfer indicate the 
pre- and post- effects of the data exchanges, which is an extension of Data 
Interaction [56]. Data-based Routing reflects how attributes of the data influence the 
control route, which implies that “This perspective is layered on top of the Control 
Perspective” [42]. 
Workflow patterns [62-66, 71, 75] are proven solutions related to recurrent 
problems in workflow systems. Conventionally, they have been used to evaluate the 
performances of workflow system implementations, but have been recognized as 
guidelines for workflow system development [4].  
 
 
2.1.4 Workflow Management System 
 
Reference Model 
A Workflow Management System (WfMS) is defined as “A system that defines, 
creates and manages the execution of workflows through the use of software, running 
on one or more workflow engines, which is able to interpret the process definition, 
interact with workflow participants and, where required, invoke the use of IT tools 
and applications” [1, 3]. To facilitate the development of a WfMS, the Wokflow 
Management Coalition (WfMC) proposed a workflow reference model [57], which 
indicates the most important system interfaces and components, as shown in Figure 
2-9. There are at least six components, namely Workflow Enactment Services, 
Workflow Client Application, Invoked Applications, Administration & Monitoring 
Tools as well as Process Definition Tools in this reference model. 
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Figure 2-9 Workflow reference model adapted from [57]. 
 
 
Each Workflow Enactment Service, through an execution environment, instantiates a 
business process as a workflow instance. Workflow Client Applications help the end-
user manipulate his or her workitems. Invoked Applications are those applications 
that can be activated directly by Workflow Engines. Process Definition Tools enable 
people to design business process models for workflows. Administration & 
Monitoring Tools provides vendors with management approaches that allow one 
Workflow Enactment Service to work with another Workflow Enactment Service. 
These components are connected via interfaces 1 to 5. 
 
YAWL System 
YAWL is a WfMS that utilizes the reference model as shown in Figure 2-9 [58]. The 
Workflow Enactment Service is provided by the YAWL Engine via interfaces 
connecting the Process Designer, Other Custom Services and the Resource Service. 
With continue development, the YAWL system has been well established for a 
number of tears [59]. A simplified description of the YAWL system architecture is 
indicated in Figure 2-10. 
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Figure 2-10  Architecture of the YAWL system adapted from [59]. 
 
 
The working mechanism of YAWL system is described in Figure 2-11. New work is 
allocated to a human resource by the YAWL workflow engine. Thereafter, the 
resource manager distributing the workitems routinely checks if a candidate human 
resource has completed the workitem. The system tracks the states of workitems and 
forms a connector in the Presentation tier to represent it to end user in a web form. 
 
 
Figure 2-11 The distribution and allocation mechanism of YAWL system, adapted 
from [59]. 
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2.1.5 Business Process Simulation 
Business Process Simulation (BPS) is an approach that, “represents processes, 
people, and technology in a dynamic computer model” [7]. Jansen-Vullers and Netjes 
[60] compiled a survey of BPS tools, and suggested that the ability of animation and 
visualization should be addressed, because this ability enables people to gain an 
intuitive understanding of business processes [60, 61]. 
With this in mind, some researchers [62, 63] simulated the process of business 
activities with a virtual world where simulation approaches visualizes workflow 
systems from the control perspective with 3D and 2D animations.   
Apart from this, Aalst et al in [14] pointed out problems and limitations 
existing in traditional simulations. Firstly, the characteristics that humans perform 
tasks are ignored in traditional simulation. Secondly, these simulations start at an 
abstract steady-state situation, which is unrealistic in the real world. Finally, larger 
simulation models are built from scratch rather than using process mining [83-85] to 
derive models from historical information. The “start from scratch” methods cannot 
accurately define large simulation models. Thus, traditional simulations lack mature 
models of resource behaviours, consideration of real processes and direct usage of 
historic information.  
With regards to the problem of immature models of resource behaviours, van 
der Aalst et al [14] noted that the simulation of process time should address the time 
that an individual human resource spend on tasks. They believed that it is necessary 
to pay attention to three characteristics related to manners that people devote them to 
work in business processes: people involved in multiple processes do not work at a 
constant speed, and people tend to work part-time and in batches. With these in 
minds, they consider that the resource availability should be involved in the 
simulation, and proposed an accurate modelling of resource availability, as shown in 
Figure 2-12. Their model involves several parameters, such as the arrival rate, 
service rate, utilization, chunk size, horizon and availability. 
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Figure 2-12 Accurate modelling of resource availability from [14]. 
 
The arrival rate (λ>0) indicates the numbers of arriving instances in a time unit. 
When an instance is arriving, it is first stored in the worklist or queue one-by-one 
(see Figure 2-12). When a human resource is available to work, they will execute 
tasks in the queue. The time that a human resource spends on a task is based on the 
following parameters. The service rate (µ<0) states the average number of instances 
that can be handled per unit time. The utilization (h) is the proportion of the arrival 
rate λ and the service rate (p=λ/µ), that is, how much a resource has been utilized. 
The horizon h is the whole length of a business time, and the chunk size (c, c≤h ) is 
the smallest duration that a human resource can work. The availability (0≤a≤1,p=λ/µ, 
a × h mod c = 0) is the fraction of the chunk size that the human resource devotes to 
work. The relationship between the chunk size and horizon, and the availability of a 
human resource are shown in Figure 2-13. When a “resource is working” (see Figure 
2-13), the human resource will process tasks at the service rate µ. 
 
 
Figure 2-13 Demonstration of the chunk size, horizon and availability discussed in 
[14].  
 
Rozinat et al in [64] addressed the latter two problems in “traditional simulation”, 
which are simulations without the consideration of real processes and indirect usage 
34 
34 Chapter 2: Literature Review    
of historic information. They proposed a framework for short-term simulations. In 
this framework, the historical, design and current-state information are extracted 
respectively from the event logs, workflow and organizational model and workflow 
system, as shown in Figure 2-14. By merging the extracted information together, the 
simulation model configures and specifies the simulation engine to start simulations 
from the current state of the workflow system. Then, the simulation logs can be used 
for business analyses.    
 
 
Figure 2-14 The framework for the sort-term simulation proposed in [64]. 
 
 
2.2 AGENT-BASED BEHAVIOURAL MODELS 
The focus of this section will be the use of agent-based behavioural models covering 
the theory of Intelligent Agent, Automated Planning Approaches, and major concepts 
of Multiple Agent System (MAS). 
 
2.2.1 Intelligent Agents 
Russell and Norving [28] defines an Intelligent Agent as “anything that can be 
viewed as perceiving its environment through sensors and acting upon that 
environment through actuators.” This indicates that an Intelligent Agent is an 
autonomous entity. They also noted that the Intelligent Agent is rational, if it can 
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make a right decision with some uncertainties in the environment. Usually, such an 
agent is built up within an agent architecture that contains Sensor, Policy and 
Actuator. The Sensors can sense environment states, while Actuators contain actions 
that change environment states. The Policy is a function that maps Sensors data to 
Actuator control instructions, or world state. A program running on this architecture 
that maps percept to actions is called an agent program. In other words, an Intelligent 
Agent is an integration of agent architecture and software.   
Russell et al in [28] depicts the Intelligent Agent within a task environment, 
which contains Performance, Environment, Actuators and Sensors, see Figure 2-15. 
The task environment is denoted as TE(P, E, A, S), where: 
 P denotes the Performance, which is a set of performance measures that 
are used to measure the rationality of an Intelligent Agent. 
 E denotes the Environment, which is a space that either is or represents a 
physical environment.  
 A denotes the Actuators, which are systems that facilitate actions. The 
execution of an action can change the states of a task environment. 
 S denotes the Sensors, which is a set of sensors that enable the agent to 
sense states of a task environment.  
Task Environment
Intelligent Agent
E
n
v
iro
n
m
e
n
t
Percept
Actuators
Sensors
Policies
Actions
 
Figure 2-15 Illustration of an Intelligent Agent and Task Environment discussed in 
[28]. 
 
Various agent architecture are employed for implementations, four agent types, 
namely Simple reflex, Model-based reflex, Goal-based and Utility-based agent, see 
Figure 2-16 below. 
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Figure 2-16 Simple reflex, Model-based reflex, Goal-based and Utility-based agent 
discussed in [28]. 
 
A simple reflex agent employs a table lookup or the condition-action rule as its agent 
program. Such an agent program only maps the current percept to actions. A model-
based reflex agent extends the Simple reflex agent, by maintaining some sort of 
internal state or historical percept in a model, so as to speculate about some 
uncertainties currently existing in the environment. 
The Goal-based and Utility-based agents are different from Simple reflex and 
Model-based reflex agents. They employ planning and reasoning algorithms in the 
agent program. These two types of agents can generate a set of candidate plans so as 
to achieve an ultimate goal. Each plan is constituted by a sequence of actions derived 
explicitly by search and planning algorithms, where the last action achieves the goal 
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state in the world. Such agents are also known as a planning agent. The subtitle 
difference between Goal-based and Utility-based agents is that the Utility-based 
agent has a utility function to evaluate world states in making decisions. For 
example, agents can calculate the probability of a world state given the current 
evidence.  
 
2.2.2 Automated Planning Approaches 
Stanford Research Institute Problem Solver 
In the 1970s, Nilsson and Fikes proposed a problem solver program called STRIPS  
[65], which stands for Stanford Research Institute Problem Solver. This program is 
used to automatically generate a plan for an environment that can be sufficiently 
characterized by a set of logical predicates. In the rudimentary STRIPS framework, 
there are three components, namely logical statement set S, an action operator set O, 
and a deductive mechanism STRIPS.  
The statement set S represents a clause containing positive predicates, which 
indicates predicates that are pertinent and true for an action. For example, the truth 
“plane is at Melbourne” can be represent as At(plane, Melbourne), while the negative 
representation of this statement is ¬At(plane, Melbourne). 
The operation set O is the set containing operators, where the execution of an 
action operator can lead the transits in the world from one state to another and 
represents actions. An operator can be modelled as o = <n, p, e>, where n stands for 
the name of the operator, p and e stands for the pre-conditions and post-conditions of 
the execution. The pre-conditions determine if an operator is valid in the present state 
world state, and the post-conditions of operator o define the state transition of an 
action. Figure 2-17 represents an operator “Fly from Melbourne to Sydney”. 
 
Figure 2-17 the modelling results of operator “fly from Melbourne to Sydney” 
adapted from [28]. 
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The deduction mechanism STRIPS is a function that recursively searches action 
operators in the operator set O for a plan that transits the world from start state to 
goal state. The three main planning approaches are manner progression, regression or 
partial-order [28]. The progression method enables STRIPS to deduce from the initial 
state SI and then search the target state ST, while the regression method searches in 
reverse order, deducing the plan from ST then research SI. Once an order is 
confirmed, a concrete plan is formulated. If the search approach does not specify the 
order of two selected actions, then this search approach is called a partial-order 
planner [28]. The sequence generated by the progression or regression is the 
linearization of the partial-order planner. A progression method with the operator 
selection is represented in Figure 2-18. In some cases, there may be more than one 
valid operator at some state. Transitions to different states may result in different 
costs. To select a following state, a utility function that tells which operator is cost 
effective will usually be employed to decide which operator or path should be taken. 
 
 
Figure 2-18 The STRIPS will select an operator to transit the world from one state to 
another other. At each state, there may be several optional operators, but only one 
that can lead the world to the target state can be selected in the plan [28]. 
 
 
Hierarchical Task Network 
Erol et al. [66] first pioneered a clear theoretical framework for Hierarchical Task 
Networks (HTN), which are knowledge-bases for hierarchically associated tasks. A 
HTN planner is one that derives plans from an HTN. That is, HTN planners are 
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similar to STRIPS planners, except that the search space for HTN planners are 
HTNs. 
Where STRIPS only has a single type of task, HTNs have two types of tasks, 
namely primitive tasks and complex tasks. A primitive task in HTNs is equivalent to 
the action operator in STRIPS, as its pre- and post- conditions are directly 
computable and the task cannot be further decomposed.  
A complex task is defined by a set of hierarchically aggregated tasks. The 
aggregated tasks are either a primitive task or other complex tasks that can be 
decomposed to primitive task, but require appropriate decompositions that arrive at a 
solution plan. That is, using the aggregated tasks to replace a root complex task can 
result in the desired plan.  
A complex task is a method of relating high-level tasks to a set of lower-level 
tasks, called successors. The task network defines the logical ordering of the 
successors. Erol et al. [66] define that a task network is an array of tasks where the 
post condition of each task satisfies the precondition of the next tasks in the array. To 
construct a plan, a planning algorithm will search an HTN by replacing complex 
tasks with lower level tasks until all complex tasks have been replaced with primitive 
tasks. Such a planning construction approach is known as decomposition. 
Formally, the decomposition mechanism can be represented as HTN = <P, D, 
NT, SI, ST>, where P stands for the model of the problem environment, D stands for 
the planning domain that contains the operators and methods for primitive tasks and 
complex tasks, NT is the set of task networks, and SI and ST stands for initial and 
target world states, respectively. Before the plan construction, there is a complex task 
implicitly bridging the initial state SI and target state ST, and a suitable task network 
will be immediately selected via the method. Then, the decomposition mechanism 
will scan the task network iteratively to replace complex tasks with other lower level 
tasks. Until all complex tasks in the task network are replaced, a plan containing only 
primitive tasks will be returned for execution. The graphical representation of the 
decomposition mechanism is available in Figure 2-19. 
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Figure 2-19 The graphical representation of the decomposition mechanism. L1 
denotes the implicitly complex task ct0 and states SI and ST. The L2 denotes the 
results of a complex task ct0 being replaced with a task network. Similarly, the L3 
denotes the results that complex task ct1 being replaced with another task network. 
 
With the comparison between the decomposition mechanism (Figure 2-19) and 
deduction mechanism (Figure 2-18), it can be stated that the plan construction 
approaches are different. Erol et al. [66] discussed the difference as the following. In 
STRIPS, a sequence of task that can lead the problem environment to transit from the 
initial state to a target state is valid plan; whereas, in HTN planning, a task network 
that can be decomposed into a set of primitive tasks that can transit from an initial 
state to a target state is a valid plan. 
 
2.2.3 Multiple Agent Systems 
Important Concepts 
To achieve a goal, a planning agent can register the world states of the environment, 
utilize an automated planning algorithm to construct a plan, and execute actions in 
the plan to achieve its goals. However under certain world states, the ability of a 
single agent may be limited and often needs assistance from other agents to 
accomplish a goal. This is considered by Wooldridge [27], where he satets “There's 
no such thing as a single agent system”. To achieve a global goal, agents have to not 
only devote themselves to solve local problems but also coordinate with each other to 
solve the global problems. It reflects the individual and social aspects of an agent, 
that is, autonomy and interaction, where they should hold together to form a society. 
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A Multi Agent System (MAS) is a society of Intelligent Agents “composed of 
multiple interacting computing elements, known as agents” [27], where the 
interaction between agents consists of communication and collaboration [67]. 
Communication in MAS refers to the way that Intelligent Agents share 
information, which generally relies heavily on an Agent Communication Language 
(ACL); for example, Knowledge Query and Manipulation Language (KQML) 
developed in the 1990s [88-90]. To enhance agent interoperability, standardized 
languages have emerged; for example, the Foundation for Intelligent Physical Agents 
(FIPA) proposed a standard language called FIPA-ACL4. FIPA-ACL shares similar 
syntactic features with KQML, but differs in semantic framework; that is, the way 
that they present the prepositions, objects and actions are different.  
The effort of an individual agent is crucial to collaboration in a MAS. The 
standard ACL enables agents to exchange information and shares decisions. 
Consequentially, the agents can both collaborate with others to accomplish a global 
goal, and also interact with other software that serves the role of agents. 
 
Design Methodology 
The design methodologies involved in this section aims to provide an overall point of 
view for designing an MAS. These methods provide a multi-tier view about design at 
the strategic, tactical and operational level. In this literature review, the design 
method at the strategic level provides a systematic view about the system 
requirements and possible analytical approaches, thus, dividing the entire design into 
several models. With these models, the tactical design method specifies the design 
work in each model. Finally, the selection development platform and implementation 
of system functionalities occurs at the operational level of design. 
At the strategic design level, the Gaia method [68] is applied to guide the 
systematic design. This method provides general and comprehensive knowledge of 
designing an MAS. The method suits various an MAS developments and provides 
analysis of social and individual behaviour of agents in a system. The behaviour of 
agents is depicted by several models in three design stages. In the first stage, the 
requirements of the system are obtained in the Requirement Model. The Roles Model 
                                                 
4
 The official website of FIPA  ---  http://www.fipa.org. 
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and Interactions Model are realized in the second stage. The second stage involves 
the analysis of roles that may be used in the system, and describes them in a Roles 
Model, where a role defines the responsibility and obligation of that an entity. In 
addition, the interactions between different roles are illustrated in an Interactions 
Model, where the interaction specifies the relationships and dependencies between 
roles. This second stage makes abstract concepts from the requirements in the first 
stage. In the last stage, the previously defined roles and interactions defined in the 
second stage are utilized to design the agent types in the Agent Model, the services in 
the Service Model and the communication links in the Acquaintance Model.  An 
agent type defines the agent roles and agent instances number at run time. A service 
is defined by functions advertised through an interface of an agent that can be 
accessed by other agents and software. A communication link is an instance of a 
service use that enables communications between agents and communication 
throughout the system. Together, these models define the social and individual 
aspects of an agent. 
Given a strategic level design, the High Level Architecture (HLA) [69] can be 
employed to guide the operation design method. This method divides the whole 
simulation system into a set of simulation units, known as federates. The federate 
communicate with each other through infrastructure, and the simulated results are 
shared by the entire simulation system. From a software engineering point of view, 
this architecture can release the coupling between components and enhance reuse 
capabilities. In the proposed system, the group of agents that form visualizations of 
human work behaviour, and another group of agents used for analysis and simulation 
of human work behaviours, are two separate federates. These two federates 
communicate with each other through the infrastructure defined by an HLA which 
enables them to be reused in the other simulation system. 
 
2.3 VIRTUAL WORLD APPLICATIONS 
Sherman et al [30] explains that Virtual Worlds, Immersion, Sensory Feedback and 
Interactivity are the key elements of Virtual Reality. A virtual world is a network-
based, computer synthesized dynamic environment, where participants can 
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communicate with each other and observe computer-generated environmental objects 
[70, 71]. 
This literature review only considers a particular virtual world type. This type 
is known as an interactive 3D virtual world. Such virtual worlds are able to provide 
virtual world users with a richer, interactive visualization platform, whereas other 
virtual worlds may be 2D or may not be interactive. 
 
2.3.1 Virtual Institutions 
Bogdanovych in [71] defines Virtual Institutions (VI) as 3D Virtual Worlds with 
normative regulation of interactions. It takes Electronic Institutions (EI) [72] (a 
methodology for regulating agent interactions) as a foundation for visualizing 
interactions in the 3D Virtual Worlds. 
The design of VI and EI is based on the capability of humans to be aware of 
their roles in a certain environment and behave accordingly. The environment is 
called the institution. Bogdanovych [71] uses a daily life experience to illustrate this 
phenomenon: 
“Every day in the real world we participate in a number of 
institutions. Once we enter a work place, shop or university we realize 
the change of the context and start obeying the rules of the environment 
we have entered. Our behaviours are highly influenced by these rules, 
which range from not strictly enforceable and rather implicit social 
conventions (like etiquette) to more explicit and usually strictly 
controlled rules or instructional norms (like walking through a metal 
detector in an airport or queuing before paying for the products in a 
shop)”. 
 
Bogdanovych named the awareness in the phenomenon as the preventive rule 
enforcement measures, which consists of several sets of rules used to regulate the 
behaviour of the participant, which may involve artificial agents programmed with 
this ability.  
EI, the foundation of VI, contains four components to regulate interactions 
between the participants. These components are the Dialogical Framework, and 
Performative Structure as well as Scenes and Norms. The Dialogical Framework 
contains the structure of roles, and it specifies which Agent Communication 
Language (ACL) is to be employed. Structure of roles indicates the responsibility 
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and regulates the behaviour of the participant. The Performative Structure depicts the 
routine of a participant. Like the workflow language indicating the workflow in 
BPM, the Performative Structure suggests to the participant to visit institutions 
sequentially. The Scenes are the collection of different institutions. When an avatar, 
which is a virtual representation of a user, enters a new institution, the scene is 
changed. The Norms are the set of acquired behaviour for an agent, as it enters an 
institution. 
VI, which is the visualization of EI, is composed of two layers, the Visual 
Interaction Layer and Normative Control Layer. The Normative Control Layer runs 
EI specification, while the Normative Control Layer interprets EI specification with 
3D representations. These two layers are connected by metaphor, known as Gardens, 
Buildings and Rooms, where each institution involves some virtual realizations of 
these metaphors. In the Visual Interaction Layer, a Building is a closed space 
containing Rooms; where as a Garden is an open space devoid of Buildings (and 
Rooms). Each metaphor then provides a behavioural context for the users.  
One application domain of VI is in E-Commerce, where the behaviour of a 
customer can inform the seller of the customer’s preference. For example, a customer 
may wander in a 3D seafood shop on the Internet, and frequently visit a certain 
image of lobsters. By monitoring this behaviour, the seller can determine customer’s 
interests in lobsters. In many cases, gazing or standing in front of the image for a 
prolonged time can indicate that the customer has interests in placing an order, which 
can help sellers make the right judgement to boost the sale, see Figure 2-20. 
Therefore, it is reasonable to believe that the hybrid approach MAS/3D virtual world 
can provide effective validations of resource model in BPM, by showing valid 
human behaviour to process stakeholders. 
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Figure 2-20 A screen shot of VI [71], demonstrating a trading scenario. Due to the 
visibility of the product, customer can sense its quality and their trading aspiration is 
stimulated.     
 
2.3.2 Workflow Oriented Virtual Worlds Applications 
Ideas pioneered by Brown and Rasmussen [62] have explored the possibility of 
workflow instance enactment in the 3D virtual world, as a viable method of 
communicating business processes to clients.  
The literature on this topic can be placed into two categories, where the first 
category utilizes a virtual world at the conceptual level of a workflow system (see 
[73, 74]), while the other one utilizes a virtual world at the operational level of a 
workflow system [62]. 
 Visualization at the conceptual level deals with extending 2D conceptual 
models into 3D conceptual models. For example, Figure 2-21 adapted from [73, 74] 
illustrates an extended Petri net diagram in a 3D virtual world. One benefit of this 
representation is that the conceptual model can be rotated, scaled and moved in the 
3D virtual world, enabling the analyst to observe the conceptual model at an arbitrary 
angle, scale, overcoming the viewing issues associated a large and complex artefact 
lie a process model in 2D.  
46 
46 Chapter 2: Literature Review    
 
Figure 2-21 The 3D representation of a Petri net diagrams adapted from  [73, 74]. 
 
At the operational level, virtual world can be used to represent real physical 
objectives and working environments [95-99], which can inform business analysts 
and stakeholders of operational details that may affect the strategic outcomes of a 
business process. 
The visual grammar of a conceptual model can confuse stakeholders who are 
not familiar with conceptual models [2, 3, 100], since it places naïve stakeholders in 
a pure conceptual model context. Brown [75] suggested that the conceptual model 
can be created and juxtaposed along with an emulated working environment. Thus, it 
places each conceptual model in an intuitive context, rather than a pure conceptual 
2D environment, see Figure 2-22. 
 
      
Figure 2-22 Picture A is a virtual world with juxtaposed BPMN model that indicates 
the relationship between the conceptual mode and working environment, adapted 
from [75]. Picture B is a traditional 2D conceptual modelling representation 
approach, adapted from [51]. 
 
In addition, the workflow oriented virtual worlds at the operational level, can be 
adapted into business process simulations. Brown and Rasmussen [62] argue that a 
workflow instance can be enacted in the virtual world. They provide an overall 
A
  A
 A 
B 
  47 
Chapter 2: Literature Review 47   
argument that the workflow system requirements related to the control, resource and 
data perspectives can be visualized in a 3D virtual world. Then, they developed a 
prototype system enabling workflow participants to execute workflow cases [76]. 
Workflow participants can utilize this system to rehearse their business plan, see 
Figure 2-23. 
 
Figure 2-23 Demonstration of work [76], a group of workflow participants are 
discussing a case 
 
Perkins [77] advocates that an intelligent agent system should be integrated into a 
workflow oriented virtual world system. Intelligent agents can be used to replicate 
the workflow participants, demonstrating designed business plans, see Figure 2-24. 
However, this idea has not integrated with a modern process modelling tool 
set in a WfMS as is done in this thesis. An automated planning component, as 
extensively discussed in this thesis, has not been implemented and validated in [77]. 
Moreover, due to his work being an incomplete implementation, subjective and 
objective evaluations toward system capability have not been conducted and an 
empirical study about user visualisation preferences has not been performed.  
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Figure 2-24 Demonstration of work [77], a group of intelligent agents are 
performing a treatment case. 
 
Chodos et al. [78] proposed a workflow based simulation system, named MeRiTS, 
for professional medical training. Their system integrated a modern workflow 
management tool WebSphere
5
, see Figure 2-25. A pilot study about system usability 
has been conducted to collect subjective attitudes. In addition, they suggested that a 
Virtual World can be used as a story telling system in training activities and 
proposed a visualization language [79, 80]. Such a language organizes the events 
happed in a Virtual World and illustrates these events via a set of frames.  Each 
frame records details about workflow resources and tasks, whereby intelligent agents 
can demonstrate what actually happened in the workflow system. The language they 
proposed can be used to drive the behaviour of intelligent agents in the virtual world, 
which is similar to the human resource control perspective modelling approach 
proposed by this thesis.  
However, the language they have developed does not generalize agent 
workflow behaviors, in particular, the application of resource patterns [54, 55] in 
modelling general workflow resource behaviour has not been considered, as this 
thesis has done in Chapter Three. They employ data mining techniques to generate 
task orderings, which is known as activity patterns [80]. In other words, the task 
ordering is based on historical data. While in contrast, the resource pattern based 
modeling used in this thesis is based on pre- and post- conditions, which is 
advantageous to the situation where historical data is not available. Furthermore, they 
                                                 
5 
The WebSphere Tool Website  ---  http://www-01.ibm.com/software/websphere/ 
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have not developed, and then validated, a generalized visualization approach for the 
various workflow perspectives as this research has done in Chapter Six. The research 
in this thesis performed a well-designed subjective evaluation and revealed user 
preferences toward different perspectives on workflow system actvities. 
 
Figure 2-25 Demonstration of work [78], an intelligent driven by a workflow engine 
is used to a treatment process in an accident scenario. 
 
The visualization results provided by these three works [51, 53, 99] are indicated in 
Figure 2-23, Figure 2-24 and Figure 2-25. Compared to this thesis, the previous 
research has not sought to generally model human resource workflow behaviour 
using agents and HTN planning behaviour, and is not focussed on generalised 
process model visualisation.  
 
 
2.4 SUMMARY 
This section is a summary of this chapter, aiming to strengthen the research 
hypothesis in Chapter One and to indicate research opportunities and reveal research 
gaps. 
Business process simulation is an important component in BPM and WFM. 
Human resource centric simulation approaches remain underdeveloped, given the 
infancy of human resource behaviour modelling approaches. 
Given that resource patterns [54, 55] are proven descriptions of human 
resource behaviours in tasks, if these resource patterns can be modelled and 
integrated into an automated planning approach, human resource planning behaviour 
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can be expressed, which can provide a foundation for human resource centric 
simulation. In other words, intelligent agents can be equipped with an algorithm that 
can automatically use resource patterns to solve workflow planning problem, which 
in turn simulate human resource planning behaviour in workflow systems. 
STRIPS and HTN are two automated planning approaches in the AI domain 
[28]. They can automatically generate plans that provide workflow activity solutions.  
Herein, these two approaches have been considered to simulate human planning 
behaviour in a working environment using intelligent agents. 
An MAS is a society of intelligent agents [27]. Such a system can be built up 
from the social and individual behaviour of intelligent agents. A single agent cannot 
accomplish a task, as it always requires assistance from other intelligent agents. 
In the workflow domain, some research projects [51, 53, 99] have shown the 
communication capacity of a virtual world application. The virtual world 
applications can not only be used to represent process models at a conceptual level, 
but they also can be used to render an agent simulated process within a 3D virtual 
world model of a physical working environment. 
Recalling the research objectives defined in Chapter One: 
1) To develop multi-agent architectures that can simulate human resource 
behaviour in workflow planning. 
2) To develop effective communication approaches for business processes 
through 3D virtual world environments. 
Along with these two research objectives, from these readings are drawn two 
major hypotheses in this thesis: 
1) Intelligent Agents, as a Multiple Agent System, can simulate human 
resource planning behaviours in a workflow system. 
2) 3D Virtual Worlds can be effective environments for communication 
process models to stakeholders who are not proficient with 
conventional visual workflow languages. 
 
 
  51 
Chapter 2: Literature Review 51   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
52 
52 Chapter 2: Literature Review    
  
53 
Chapter 3: Human Resource Behaviour Modelling 53     
Chapter 3: Human Resource Behaviour 
Modelling 
In this chapter, a human resource behaviour modelling approach is proposed, derived 
from the relevant literature on Workflow Patterns and Automated Planning, called 
the HTN-RP modelling approach. The intended goal is to provide an underlying 
behavioural model for an intelligent agent that will be introduced in Chapter Four. 
 In this chapter, Section 3.1 analyses human resource workflow patterns and 
describes their modelling via a hierarchical problem solving structure. Section 3.2 
proposes the Hierarchical Task Network (HTN) as a tool for modelling the 
hierarchically decomposable behaviours of humans. Then, Section 3.3 maps the 
resource patterns onto the HTN problem solving approach, to provide a basis for 
implementation. Section 3.4 utilizes a detailed example to demonstrate the modelling 
capabilities, followed by a discussion on contemporary resource perspective 
modelling approaches in Section 3.5. Lastly, Section 3.5 tests the HTN-RP modelling 
approach against other classical approaches. Finally, Section 3.6 concludes this 
chapter with a summary and discussion.  
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3.1 RESOURCE PATTERN OVERVIEW 
Workflow patterns have already been introduced in the Chapter Two, and those 
patterns [64-66] deal with different perspectives of a workflow system. Among those 
perspectives, main interest of this research is the resource perspective, since it has 
been underdeveloped with respect to models of human resource behaviours [14]. 
The development of a model for human resource behaviours herein has been 
built on the existing features found in human resource patterns. These patterns are 
conventionally understood to describe the basic behaviours of human resources in 
workflow systems. That is, these patterns provide insight into how people actually 
deal with tasks in workflow systems. 
Specifically, seven different types of resource patterns have been identified 
[54, 55], namely: Creation, Push, Pull, Detour, Auto-start, Visibility and Multiple 
Patterns. These patterns can characterize the behaviour of workflow management 
systems and workflow resources in the lifecycle of a workitem. Russell et al. [54, 55] 
have stated that these resource patterns can be identified as belonging in one of two 
broad categories, “single workitem to single resource” or “many workitems to many 
resources”. 
The “single workitem to single resource” category of resource pattern involves 
the Creation Pattern, Push Pattern, Pull Pattern, Detour Pattern, and Auto-start 
Pattern (see Table 3-1 and Table 3-2). 
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Table 3-1 The visualization and literature description of Creation Pattern, Push 
Pattern and Pull Pattern, adapted from [54, 55]. 
Creation Pattern: Workitem creation mechanism in a workflow management system 
 
Push Pattern: Workitem allocation mechanism in workflow management system 
 
Pull Pattern: Workitem acquisition mechanism in workflow management system 
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Table 3-2 The visualization and literature description of Detour Pattern, Auto-start 
Patter, Visibiity Pattern and Multiple Resource Pattern, adapted from [54, 55]. 
Detour Pattern: How a workitem is related to another resource  
 
Auto-start Pattern: How one workitem can trigger the execution of other workitems 
 
Visibility Pattern: Workitem acquisition mechanism in workflow management system 
Multiple resource Patterns: Coordination mechanism between multiple resource execution 
 
Within these five resource pattern categories, the lifecycle of a workitem begins at 
the created state and ends at either a failed or completed state. For example, the push 
patterns can be represented via three state transitions, which are created in an offered 
state to a single resource, and created in an allocated state to a single resource, and 
created in an offered state for multiple resources (see the Push Pattern section in 
Table 3-1). The life cycle of a workitem can be understood as a sequence of resource 
patterns that map a workitem from the created state to a completed or failed state (see 
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the dash rectangle in Figure 3-1 below, where a creation pattern, push pattern and 
pull pattern occur, consequently). 
 
 
Figure 3-1 Visualization representation of workitem lifecycle. The dash rectangle is 
a visual representation of the life cycle of a workitem, involving created, allocated to 
single resource, started and completed states. 
 
 
For patterns in the “many workitems to many resources” category, Russell et al. [55] 
discuses two multiple resource patterns,  Additional Resources Pattern (Pattern R-
AR) and Simultaneous Execution Pattern (Pattern R-SE). The Pattern R-AR 
describes the behaviour of a human resource requiring assistance from others when 
dealing with a workitem, while Pattern R-SE describes the behaviour of several 
human resources processing the same workitem at the same time. Scenario 3-1 
provides a characterization of these two patterns. 
 
Scenario 3-1 
There is a workitem Wo. It is created and allocated to a resource Ra by a 
workflow engine. Resource Ra started the workitem, and then divided Wo 
as three sub-workitems Wa, Wb and Wc to himself and two subordinates 
Ra, Rb and Rc, respectively. The execution of sub-workitem Wa is 
dependent on the results of Wb and Wc. Ra allocates the Wb to Rb without 
negotiation, Rb has to execute Wb immediately. Ra allocates the Wc to Rc 
with negotiation, Rc can select an appropriate time to execute it. As these 
two sub-workitems have been completed and reported back to Ra, Ra can 
start to execute the Wa. When Wa is finished, the original workitem Wo 
can be executed and checked back into the workflow engine.  
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The Scenario 3-1 describes four nested workitems, that is, these patterns have a 
hierarchical structure. The lifecycle of this workitem involves initial and final states 
on either side of an execution phase. The execution phase also involves several states 
and transitions. The workitem is created and allocated to the resource Ra, and then it 
is allocated to the resource Ra. Finally, resources Rb and Rc jointly complete the 
workitem. The workitem Wc from the created to the completed state can be further 
investigated. According to the description, workitem Wo can be divided as three sub-
workitems Wa, Wb and Wc. The life cycles of these sub-workitems consist of resource 
patterns. For example, the life cycle of workitem Wc involves two resource patterns, 
that is, a creation pattern that maps workitem Wc from created state to a started state, 
and an auto-state pattern that maps workitem Wc from a started state to a completed 
state. This will be true when considering lifecycles of Wa and Wb. The execution of 
Wa and Wb can be started simultaneously. In particular, the execution of Wa and Wb 
can be the Pattern R-SE, if Ra and Rb are the same resource. Table 3-2 shows a top-
down view of a workitem decomposition, which facilitates analysis of the nested 
workitems, including patterns in the Multiple Resource Pattern category.  
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Figure 3-2 A top to bottom view of the state transitions in the workitem Wo. 
 
3.2 A HIERARCHICAL MODEL FOR TASKS 
The temporal ordering of tasks can provide a primary foundation for many models 
[81]. In this context, automated planning and planning languages can provide a good 
foundation for dealing with the relationships of multiple tasks and arranging their 
execution order to achieve pre-defined goals. 
There are various automated planning approaches available. The Stanford 
Research Institute Problem Solver (STRIPS) [65] and Hierarchical Task Network 
(HTN) [82] are the two most frequently used approaches. These two planning 
approaches model a problem domain with a set of planning entities, such as operators 
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and states, and use these planning entities to deduce an executable plan. The 
semantics and syntax of these two approaches are similar, but the methods they 
employ to deduce an executable plan is different. By comparing the expressivity of 
these two automatic planning approaches, Erol et al. [66] have concluded that the 
HTN is more expressive than STRIPS. In other words, HTN can be used to express 
STRIPS, while STRIPS can only express a subset HTN. Many automatic planners 
[103-107], especially ones in multiple resource planning [83, 84] are related to HTN-
based approaches. Erol et al. [66] firstly provided a clear theoretical framework for 
an HTN, which involves tasks, states, and transitions. 
In an HTN [66], there are two types of tasks, namely complex and primitive 
tasks. The execution of a primitive task or a complex task can map a workitem from 
one state to another, but the execution mechanism of these two types of tasks are 
different. 
The state space of an HTN framework is defined by the set of all possible 
truth-values over a set of predicates, where each assignment of truth-values defines a 
particular world state. For example, a state s = {resource_is_free(r0) ∧  
resource_can_do(w0) } is defined as indicates a conjunction where the resource r0 is 
available for commitment to workitem w0.   
A primitive task is the task that can be directly solved by the task execution. 
Similar to the Stanford Research Institute Problem Solver (STRIPS) [85], the 
primitive task can be modelled with the operator form, op = <p, q, v>. The 
satisfaction of pre-conditions p enables operator execution, and the operator 
execution enables the establishment of post-conditions q. This means the operator 
execution enables a state transition from the state containing pre-conditions p to the 
state containing post-conditions q. 
A complex task can be recognized as the aggregation of primitive tasks. Such a 
complex task cannot be solved by task execution directly, but by requiring the 
decomposition of the complex task into primitive tasks before execution. That is, 
using a set of primitive tasks to represent this complex task, and the state transition 
triggered by the execution of a complex task is equivalent to the aggregation of 
primitive task set state transitions. For example, a complex task ct is a complex task, 
being composited by three primitive tasks pt1, pt2 and pt3. The execution of ct is the 
execution of pt1, pt2 and pt3. The pre-conditions of the firstly executed primitive task 
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or primitive tasks should not violate the state   before the execution of ct, and the 
state si after the execution of ct is dependent on the post-conditions of the previously 
executed primitive task(s). 
More specifically, the complex task needs to be resolved by a task network. A 
complex task and a task network can be connected by the method with the form me = 
<ct, tn, mp, mq>, where ct is the name of the complex task, tn is the corresponding 
task network, and mp and mq are high-level pre- and post-conditions of the 
sequenced primitive tasks in the task network tn, respectively. That is, a method me 
can be selected for the complex task ct, only if the current and target state contains 
the mp and mq, respectively. It should be noticed that a complex task can be resolved 
by a different task network via a different method, but only one selected method can 
be used to interpret the complex task. 
The ordering logic of these primitive tasks is defined in the task network. Erol 
et al. [66] have defined that a task network is an array where some states and task 
sets are alternatively placed, describing the relationship between states and the task 
set. The syntactic construct of the network is [TN_name, [ (task1, tasklabel1), (task2, 
tasklabel2), (task1, tasklabel2), …… (taskn, tasklabeln)], Φ] where: 
 TN_name is the name of this task network  
 In (taski, tasklabeli), taski is the name of this task, tasklabeli is the label of 
taski for distinguishing this task.  
 Φ is a boolean formula constructed from the three types of constraints 
 (tasklabeli < tasklabelj ) means the task labelled by tasklabeli should be 
processed before the one labelled by tasklabelj   
 (tasklabeli < statei ) means the  is followed by the execution of the task 
labelled by tasklabeli, and  means (statei < tasklabeli)  should be established 
before the task labelled by tasklabeli, while (tasklabeli < statej < tasklabelk) 
means the statej should be established after the execution of task labelled 
by tasklabeli and before the execution of the task labelled by tasklabelk,  
(statei < tasklabelk < statej) means that task labelled by tasklabelk enables the 
transition from the state statei to statej  
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The above definitions of “task,” “primitive task,” “complex task” and “task network” 
help to clarify the conceptual relationship between the tasks, rather than manner of 
their execution. The actual execution of a complex or primitive task is modelled by a 
method or operator. These two actual execution manners form a set known as the 
Planning Domain. Readers who are interested in the syntax and semantics of an HTN 
are suggested to read the original paper [66]. 
 
3.3 MODELLING RESOURCE PATTERNS WITH AN HTN 
Recalling the discussion in Section 3.1, two categories of resource patterns were 
introduced. It is believed that the lifecycle of a workitem can be represented by a 
sequence of resource patterns, in particular, in a hierarchical manner.  
Recalling the discussion in Section 3.2, primitive tasks, complex tasks, and 
task networks in an HTN were introduced. The execution of primitive and complex 
tasks can map the world from one state to another. The execution order of primitive 
and complex tasks are constrained by a task network, and a decomposition of 
complex tasks always results in a hierarchical structure.  
An appropriate matching mechanism can map resource patterns into an HTN.  
Primitive and complex tasks can be used to represent resource patterns in “single 
resource to single workitem” and “multiple resources to multiple workitem” patterns 
respectively. The decomposition mechanisms can build up a model of the 
relationship between resource patterns in a hierarchical structure. In turn, task 
networks can represent the life cycle of a workitem. Table 3-3 indicates a mapping 
mechanism between resource patterns and an HTN. In this research, the modelling 
approach based on resource patterns and HTNs is called the HTN-RP modelling 
approach. 
Table 3-3 Mapping mechanism between Resource Pattern and HTN framework. 
Resource Pattern HTN framework 
“single resource to single workitem” resource  patterns Primitive task 
“multiple resources to multiple workitems” resource  patterns Complex task 
Workitem life cycle Task network 
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It should be noted that the mapping mechanism does not include the Visibility 
Patterns in [54, 55]. Visibility Patterns are concerned with issues regarding 
privileged resources monitoring the progress of a workitem.  As the modelling in this 
research is focused on dealing with supporting the visualization of delegation and 
related patterns in a hierarchical manner, such resource visibility patterns are 
considered out of scope for this research.  
Patterns in the Creation Pattern, Push Pattern and Pull Pattern are relatively 
simple. The Creation Pattern characterizes the transition from an initial state to the 
created state. The Push Pattern characterizes the transition from the created state to 
an allocated or offered state. A workitem can be offered or allocated to a single 
candidate resource or a set of candidate resources. The Pull Pattern characterizes the 
transition from the allocated or offered state to a started state, describing the 
proactive behaviour of resources selecting a suitable workitem to execute. It can be 
concluded that the common feature of these patterns is the transition from one state 
to another without further decomposition. Thus, a basic HTN modelling result is 
applied to them, see Table 3-4. 
 
Table 3-4 The basic task and task network that can be used to model patterns in the 
Creation, Push and Pull patterns. 
Task Name Task Network Details 
basic_task [basic_task_network, [(t, tl),µ]]  µ={(SI < tl < ST)}  
REMARKS 
The basic_task is a primitive task that can be used to represent the resource patterns with two states 
and one transition. The primitive task t can be implemented according to provided requirements, 
such as offer or allocate instances of a task to resources based upon their position and previous 
execution history in the Creation, Push and Pull patterns, respectively. 
 
Most patterns, for example, the Detour Pattern and Auto-start Pattern transit a 
workitem from one state to another. They can be modelled by a basic_task_network 
in Table 3-4. However, there are some patterns in these two categories requiring a 
decomposition mechanism. They have to be modelled individually. These patterns 
are: the Stateful Reallocation Pattern (Pattern R-PR) and Stateless Reallocation 
Pattern P-UR (Pattern P-UR) in the Detour Pattern group, the Piled Execution 
(Pattern P-PR) in the Auto-start Pattern group, as well as the Simultaneous Execution 
Pattern (Pattern R-SE) and the Additional Resources Pattern (Pattern R-AR) in the 
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Multiple Resources Pattern. The basic_task_network provided in Table 3-4 is no 
longer suitable for those complex patterns. These patterns should be modelled by 
complex tasks and decomposition mechanisms, that is, in a hierarchical manner.  
Pattern R-PR requires the state information of a workitem being kept when this 
workitem is reallocated to another resource, while Pattern P-UR doesn’t have such a 
harsh rule. However, these patterns can be modelled in a similar manner. Taking 
Pattern R-PR (Stateful Reallocation) as an example, at the top level, a task reall_task 
is needed to transit workitems from the started state back to re-allocated state. A task 
network for this task contains a primitive task exe_task and a complex task 
next_step. The primitive task exe_task enables the execution situation to be recorded, 
and the complex task next_task can be interpreted by a task network next_step_a or 
next_step_b. Task network next_step_a enables resources to further execute 
workitems with state information being recorded, while the task network terminates 
the execution and allocates the workitem to another resource, see details in Table 
3-5. In particular, the modelling results in Table 3-5 can be used as a reference to 
model the Pattern P-UR (Stateless Reallocation), by implementing exe_task as a 
function that doesn’t record the execution information. 
 
Table 3-5 HTN model of Pattern R-PR (Stateful Reallocation). 
Task Name Task Network Details 
reall_task [reall_with_state,[(exe_task, tle), (next_task, tln)], µ], µ={(SS<tle<S), (S<tln<SA)} 
next_step  [next_step_a,[(exe_task,tle),(next_step,tln)], µ] µ={(SS<tle<S), (S<tln<SA)} 
next_step [next_step_b,[(all_task,tla)], µ] µ={(S<tla<SA)} 
REMARKS 
reall_task is a task network that can reallocate workitems from one resource to another, involving one 
primitive task exe_task and a complex next_task. The exe_task is an executable function that records the 
execution state information, while next_step can be interoperated by two different task networks, 
next_step_a and next_step_b. The next_step_a enables a resource to further execute the workitem, 
next_step_b enables a resource to reallocate the workitem to another resource. 
 
Pattern P-PE (Piled Execution) in the Auto-start Pattern group is a pattern that 
enables a resource to execute workitems in a batch. An HTN model of Pattern P-PR 
is available in Table 3-6. In this model, there are two tasks. The task pile_all enables 
a resource to recognize the incoming tasks, while the task pile_cpl enables the 
resource to start processing and complete these allocated workitems. 
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Table 3-6 HTN model of Pattern R-PE (Piled Execution).  
Task Name Task Network Details 
pile_task [pile_network,[(pile_all,tla),(pile_cpl,tlc)],µ] µ={(SI<tla<S),(S<tlc<SC)}  
pile_all 
[pile_network,[(t1,tl1), (t2,tl2), ……(tm,tlm)],µ] 
µ={(SI<tli),(tli<SS)}, where i = 1,2,……m 
pile_cpl 
[pile_cpl_network,[(tm+1,tlm+1), (tm+2,tlm+2), ……(t2m,tl2m)],µ] 
µ={(SS<tli),(tli<SC)}, where i = 1,2,……m 
REMARKS 
plie_task being interoperated by pile_network is the task that enables a resource to execute 
workitems in a batch. Such a task can be divided into two parts, namely pile_all and pile_cpl. The 
task pile_all enables all involved workitems to transit from some state SI to the started state SS in a 
partial order, while pile_cpl enables all involved workitems in the started state SS to the state SC 
where all workitems are completed. 
 
Pattern R-SE (Simultaneous Execution) and Pattern R-AR (Additional Resources) 
are two patterns in the Multiple Resource Pattern, characterizing the “many 
workitems to many resources” relationship. 
Pattern R-SE (Simultaneous Execution) requires that one single resource can 
manipulate multiple workitems in a period. For the purposes of this research, the 
Pattern P-PE (Piled Execution) is considered a particular type of Pattern R-SE. This 
is because those two patterns require that one single resource can deal with multiple 
workitems at the same time. The difference is that Pattern P-RP provides a constraint 
that a resource has to complete workitems as a batch, while Pattern R-SE doesn’t 
have such a strong constraint. Thus, the modelling of Pattern R-SE (Simultaneous 
Execution), as a simple version of Pattern R-PE, is shown in Table 3-7. 
  
Table 3-7 The modelling result of Pattern R-SE (Simultaneous Execution). 
Task Name Task Network Details 
sim_task 
 [pile_cpl_network,[(t1,tl1), (t2,tl2), (tm,tlm), ……(t2m,tl2m)],µ] µ = {(SI<tli<SS)},  
where I = 1,2,……m  
REMARKS 
sim_task is a complex task involving many workitems. The µ doesn’t enforce execution ordering in a 
strict manner. It puts every workitem ti in a context that every task should be executed between states  
SI and SS. 
 
Pattern-AR (Additional Resource) describes how one resource can request additional 
resources to assist in the process of a workitem. One possible solution for this pattern 
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is to divide the workitem into several sub workitems, and allocate these sub 
workitems to additional resources. These additional resources can start to process the 
individual sub workitems. The completion of the original workitem is thus defined to 
be the completion of all the sub workitems [86], and is modelled in Table 3-8. 
 
Table 3-8 The modelling result of Pattern R-AR (Additional Resource). 
Task Name Task Network Details 
add_res_task [add_network,[(div_and_dis,tld), (cpl, tlc)],µ] µ = {(SI<tld<SS), (SS<tlc<SC)}, where i = 
1,2,……m  
div_and_dis_task [div_and_dis_task,[(t1,tl1), (t2,tl2), (tm,tlm)],µ] µ = {(SI<tli<SS)}, where i = 1,2,……m   
REMARKS 
add_res_task is the task being interpreted by add_network containing complex task div_and_dis_task and 
primitive task cpl. The complex task div_and_dis_task can be used to decompose a workitem into a set of sub-
workitems (task) , and these sub-workitems should be completed before final completion, see the constrains 
(tld<SS<tlc). The decomposition details about ti are not shown in these models, but can take the 
basic_task_network in Table 3-4 as reference. 
 
3.4 DETAILED MODELLING USAGE CASE OF HTN-RP MODELLING 
APPROACH 
Several HTN modelled resource patterns have been enumerated in the last section to 
indicate the capabilities of the HTN as a modelling tool for resource patterns. This 
section demonstrates its applicability by using a healthcare scenario. In this scenario, 
four resources are involved in accomplishing a complex workitem, containing three 
primitive tasks. The example involves a creation pattern, pull pattern, push pattern, 
detour and an auto-start pattern, and a multiple resource pattern representing the 
relationship “many workitems to many resources”, see Scenario 3-2 the details 
below: 
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Scenario 3-2 
The trauma team lead R1 is executing a workitem WX. At that time, the 
workflow engine creates a workitem called “surgery preparation” W0 for 
the resource R1. Thus, resource R1 reallocates workitem WX to another 
RX with current execution information of the workitem WX. RX accepts the 
reallocated workitem WX, and plans to pile workitem WX with another 
workitem WXX for piled execution. 
 After the reallocation, resource R1 accepts this workitem W0 and 
starts to divide W0 as three sub-workitems, patient information retrieval 
W1, anaesthetic preparation W2 and instrument preparation W3, which 
are going to be allocated to herself, and surgery assistants R2 and R3, 
respectively. R2 should passively wait for the allocation, while R3 can 
actively acquire the workitem. Unless resources R2 and R3 confirm the 
sub-workitems, they are not entitled to execute these three workitems. 
The execution of sub-workitem W1 should be started immediately after 
the accomplishment of W2 and W3. When W1 is finished, the original 
workitem W0 is accomplished and checked back into the workflow 
engine.” 
 
The scenario above implicitly contains several resource patterns. They are a detour 
pattern (Pattern R-PR) between Resource R1 and RX, as they are dealing with 
reallocation issue on the workitem WX, an auto-start pattern (Pattern P-PE) when 
resource RX deals with workitems WX and WXX, a multiple resource pattern (Pattern 
R-AR) between Resource R1, R2 and R3, as resource R1 required assistance from R2 
and R3. 
The lifecycle of workitem WX and W0 can be modelled by an HTN using the 
previous expressions. Figure 3-3 and Figure 3-4 show the modelling procedures and 
results, where the relationship between the tasks and decomposition mechanism are 
represented. 
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Figure 3-3 The final model of the fragments in the lifecycle of workitem 
components of WX and WXX. 
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Figure 3-4 The finial modelling results of the workitem components of W0. 
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3.5 DISCUSSION 
A HTN and Resource Pattern based modelling was proposed in previous section. 
This section discusses several other resource perspective oriented modelling 
approaches to indicate the contributions being made in this chapter. With 
acknowledges of achievements, Section 3.6 will propose a well-designed validation 
plan to prove the validity of the modelling approach. 
 In a resource perspective, most of the research work focuses on resource 
modelling and resource utilization issues. Zur Muehlen [87] states that a resource 
model usually contains two parts: assignment policies and resource details. He points 
out that many modelling approaches do not consider that the resource details should 
facilitate the assignment policies on the one hand, and ignore the importance of non-
human resources in the workflow system on the other hand. Therefore, he proposes a 
generic meta-model that not only represents any resources in the workflow activity, 
but also facilitates the assignment policy implementation and execution.  
Pesic and van der Aalst [35] focus on task distribution issues in the workflow 
system. They proposed a basic model which contains a work distribution and work 
list model. These two modules can interact with each other to simulate the process of 
workitem distribution, and the internal mechanisms of these two modules are 
modelled using Petri nets. 
Put simply, Zur Muehlen [87] deals with the static structural description of 
resource properties, while Pesic and van der Aalst [35] describe the dynamic aspects 
of work distribution. The new HTN-RP modelling approach in this thesis provides 
the ability to model and simulate, via agents, all identified human resource pattern 
behaviours in a workflow system, rather than using a work distribution mechanism 
and static organizational structure.  
In industry, BPEL has been used in many places to model business processes. 
In its resource perspective oriented extension, BPEL4People [52], the syntax and 
semantics are based on the WS-Human Task specification, and have been widely 
used to define and model human tasks and notifications, including their properties, 
behaviour and a set of operations used to manipulate human tasks. 
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Russell and van der Aalst [52] use their theoretically derived Resource 
Patterns to evaluate its capabilties. They point out that BPEL4People cannot fully 
support all the human resource patterns. 
In contrast, the HTN-RP modelling approach in this thesis can be used to 
model all these patterns. For instance, Table 3-6 and Table 3-8 show the modelling 
results of the Addition Resource Pattern and all patterns in the Auto-Start Pattern. 
Scenario 3-2, which includes the Pattern R-PR, Pattern P-PE and Pattern R-AR that 
cannot be supported by BPEL4People, is modelled by the HTN-RP modelling 
approach, see Figure 3-3 and Figure 3-4.  These results thus show supporting 
evidence for the modeling superiority of the HTN-RP approach, since they 
demonstrate that the HTN-RP modelling approach can model the patterns that cannot 
be supported by BEPL4People. 
 
3.6 VALIDATION 
An objective validation is conducted in this section. In the following, the validation 
framework is proposed for the newly developed resource modelling approach in this 
section. Section 3.6.1 introduces some concepts in micro-economics to introduce 
readers to the validation context. Section 3.6.2 provides details about the validation 
framework, where a function to generate test cases is introduced. Performance results 
for the approach are described in Section 3.6.3, where the outputs of the modelling 
approach and some other classical approaches. 
 
3.6.1 Validation Context 
In micro-economics, Pareto Efficiency is a concept established by Italian economist 
Vilfredo Pareto [88]. Pareto efficiency is widely applied in engineering and social 
science, describing resource allocation mechanisms between individuals who hold 
different interests. Pareto Efficiency can be achieved through a series of Pareto 
improvements. A Pareto improvement is an allocation mechanism where at least one 
individual can be better off without breaking the bottom line of the interests of other 
individuals. 
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When an economic system is Pareto efficient, it means there are no further 
Pareto improvements that can be made. The boundary of Pareto efficiency is called 
the Pareto Front, and any resource allocation surrounded by a Pareto Front is an 
acceptable resource allocation that can make at least one individual better off without 
violating the benefits of the other individuals. Usually, allocations on the Pareto 
Front are the most optimized allocating solutions, since they are representing win-
win situations where every individual gains maximum benefits without violating any 
other individual interests. 
The computation of the Pareto Front is of interest to stakeholders in a process. 
It can tell users by which measure they allocate resources to meet the maximum 
interests of each individual. This Pareto Front is usually described as a Multiple 
Objectives Optimization (MOO) [89], which defines a mathematical framework to 
describe this problem. Definition 3-1 describes the necessary elements that will be 
used in the Pareto Front computation. Definition 3-2 is a formal description of an 
allocation strategy on the Pareto Front, commonly called a Pareto-optimal solution. 
A set of Pareto-optimal solutions is the labelled Pareto Front or Pareto-optimal set, as 
shown in Definition 3-3. 
 
Definition 3-1 
Let us consider, without losing generality, a multiple objective 
optimization problem with m decision variables and n objectives: 
Min y = f(x) = ( f1(x), f2(x), f3(x),……, fn(x),) 
Where x = (x1, x2, x3, ……, xm)   X 
  y = (y1, y2, y3, ……, ym)   Y 
x is called the decision vector, X parameter space, y objective vector 
and Y objective space. A decision vector a X is said to dominate a 
decision vector b  Y if and only if 
∀  i   { 1, 2, 3 …… n } : fi(a) ≤ fi (b)  
∃  j   { 1, 2, 3 …… n } : fj(a) ≤ fj (b)  
 
Additionally, the domination is written as a < b. 
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Definition 3-2 
Let a   X be an arbitrary decision vector: 
1. The decision vector a is said to be non-dominated regarding a 
set X’  X if and only if there is no vector which dominates a; 
formally 
                  
2. The decision vector a is a Pareto-optimal solution if and only if a 
is non-dominated regarding X. 
      
Definition 3-3 
Consider a set of decision vectors X’  X, the set is called a Pareto-
optimal set if and only if 
∀                 
 
Until now, the necessary concepts in micro-economics and their corresponding 
mathematical definitions in AI domain have been introduced. An example scenario is 
now used to illustrate the use of such formula, see Scenario 3-3 below.  
 
Scenario 3-3 
A manager in a workflow system is planning to select some human 
resources to complete some tasks with two objectives. The total number 
of human resources and tasks are m and n, respectively. He wants to 
minimize payment for these human resources and task execution 
duration. These two objectives are contradictory to each other. Hiring an 
efficient human resource can minimize the task execution duration, but it 
will increase the payment on human resources. An inefficient human 
resource may require less payment, but this will result in longer task 
execution duration. The total payment on human resources and total task 
execution duration is calculated as following: 
Total Payment Calculation: 
           
 
         
 
   , where       is the payment of 
resource i , and       is percentage of resource in the task j. 
Total Task Execution Duration Calculation: 
           
 
         
 
   , where       is the execution duration 
of resource i accomplish task j, and       is percentage of resource in the 
task j. 
With the two formulae above, this manager is now considering a 
Pareto-optimal set, that is, a set of trade-off solutions paying less and 
finishing quickly. 
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Figure 3-5 graphically represents the interests of the manager and mathematical 
description, where vector y is the objective vector representing the interests of the 
manager and vector x is the decision vector representing the participation rates of 
human resources in different tasks. Note that there is no actual calculation in Figure 
3-5, it is just an illustration of the above discussion. 
 
Min  y =f(x) = (P, D) 
                                                              
            
 
         
 
            
 
         
 
                      
 
Figure 3-5 The illustration of mathematical definitions and Scenario 3-3. The red 
point marked by 1 is one Pareto-optimal solution, and the curve marked by 2 is the 
Pareto Front. The shaded area above the curve marked by 3 is the area containing 
Pareto improvements. The coordinate system only represents objective values on the 
Duration and Payment axis, but does not involve any representation of decision 
values (the participant of each individual).  
 
 
3.6.2 Validation Framework 
The necessary concepts and definitions have been introduced in the last section. 
Now, these concepts and definitions are utilized to build up a validation framework. 
Robert [8] introduced several techniques that can be used in validating 
simulation models. Amongst these techniques, one is called “Comparison to Other 
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Models.” This technique requires simulation model developers to compare the 
outputs of their simulation model with the outputs of some other simulation models, 
revealing advantages and disadvantages of their newly developed simulation models. 
This technique is adapted as a core construct in the validation framework. In 
such a validation framework, the validation goal and multiple objective test cases are 
designed, and then the HTN-RP modelling approach is pitted against some classical 
approaches to solving test cases. A graphical representation of this validation 
framework is available in Figure 3-6. The next section provides details about the 
validation goal, test case, classical approaches and details of the application of the 
HTN-RP modelling approach. 
 
 
Figure 3-6 The validation framework for the HTN-RP modelling approach. It 
contains five components, which are Test Goal, Test Case, HTN based Modelling 
Approach, Classical Approach and Outputs Comparison. 
 
Test Goal, Task Goal and Test Case 
The test goal is to confirm the validity of the HTN-RP modelling approach. In other 
words, given a certain task goal, HTN-RP modelling approach can rationally allocate 
resource to stakeholders and provide solutions in the region of previously established 
Pareto Optimal results. 
The test goal and the certain task goal are two different concepts. The test goal 
is a definition used to check the validity of this modelling approach, while the task 
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goal is a goal fed to either HTN-RP modelling approach and/or some classical 
approaches to generate comparable results. 
The task goal is defined as “The HTN-RP modelling approach can 
automatically generate a plan based upon defined requirements”. The test goal is 
defined as “The modelling approach can be configured to generate similar results 
that are generated by other classical approaches”. Please note, the concept of 
“similar” will be discussed in Section 3.6.3 , before obtaining the outputs from the 
HTN-RP modelling approach and a classical approach. 
Section 3.6.1 introduced a MOO problem and provided a rudimentary 
mathematical model for it. The computation of payment and duration (requirements) 
is based upon the percentage (     ) of individual participations in task executions. 
To develop a test case and facilitate the computation, some extra information, that is, 
number of human resources and tasks, as well as efficiency, payment and execution 
duration of individual tasks should be provided and defined, respectively. 
Firstly, there are two parameters for the test cases, number of human resources 
NR and of tasks NT. In reality, the capabilities of individual human resources are 
different. It can be said that the performance result of different human resources 
dealing with different task will vary randomly. A function                should be 
defined that can indicate the duration a human resource i takes to accomplish task j, 
see definition below. 
 
Definition 3-4 
The function                is function that randomly generates 
execution duration of human resource toward task from a uniform 
distribution,  
 
                           Equation 3-1 
 
Where L and H are the low boundary and high boundary task execution 
duration of whole human resource. 
 
Secondly, an efficiency function representing the efficiency of each individual 
human resources is needed in the test case. The function can be implemented with 
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Yerkes-Dodson Law. Such a law is widely used in human engineering, which 
considers that the efficiency of a human resource dealing with tasks depends on the 
perceived pressure applied to the human resources [48, 112-114]. Simply, a linear 
function can be used to represent the simulated Yerkes-Dodson law [90]. Figure 3-7 
illustrates the linear function used in this research to represent the Yerkes-Dodson 
Law.  
 
Figure 3-7 Illustration of the eff_funi (pecij) used in this research. 
 
 
Definition 3-5 
The efficiency function           is a linear function being used to 
simulate the Yerkes-Dodson law of individual human resource i, 
  
                              Equation 3-2 
 
Where    follows a union distribution (-0.5, 0), and            
                is the participation percentage of individual human 
resource i in task j. 
 
 
 
Thirdly, the payment of an individual human resource is needed in the test case. The 
payment of an individual human resource may depend on their positions or roles in 
the organization. The organizational structure of a resource model tends to be a 
hierarchical structure. Usually, there is an increment on payment as the hierarchy is 
traversed upwards. The higher the position a human resource obtains, the higher the 
payment the human resource will be payed. Therefore, a binary tree is used to 
represent a human resource model. The payment of an individual human resource is 
decided by its hierarchy level. The payment calculation function indicates how to 
decide the payment, see definition below: 
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Definition 3-6 
The payment calculation function of an individual human resource i is 
the function being used to simulate the payment of an individual human 
resource in the organization, 
 
                            
               Equation 3-3 
 
Where          is the initial payment,          is the payment 
increment,    is the total layer of the resource model,    the layer of 
human resource i locates,                  is a random value in a 
union distribution differentiating the payments of human resource i with 
the other human resources who are in the same level   .  
 
 
With the analysis above, a test case and a function that can generate test cases can be 
formally defined in Definition 3-7 and Definition 3-8, see below: 
 
 
Definition 3-7 
A test case in a multiple objective optimization model  is represented as 
following: 
   Min  y = f(x)=(P,D) 
 
 Where 
                                              , is a decision   
value representing the participation of a human resource   in task    
 
           
  
         
  
               
  
                  
  
      , 
 is the objective value of total payment and task execution duration on 
    human resources and    tasks, respectively. 
 
Definition 3-8 
The          function is defined with parameters:   (number of 
tasks),  (number of human resources), (high boundary of task execution 
duration),  (low boundary of task execution duration),           (initial 
payment).         (payment increment) is a function that can generate some 
test cases for validation: 
 
                                     
                            
Equation 3-4 
Where 
                     ,               ,              ,          
and          
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Classical Approaches For OOM 
There are a number of approaches for finding a Pareto Front. In the AI domain, such 
a problem can be solved by agent systems [91] and more classical numerical 
computation [116-119]. The agent system [91] calculates a Pareto Front or Pareto-
optimal set by multiple negotiations, while some numerical computation approaches 
[116-119] are developed based upon evolutionary algorithms. 
An evolutionary algorithm is an iterative process that can generate solutions to 
an OOM problem by using inheritance, mutation, , selection and crossover [92]. 
Such a process can be analogized as an implementation of Darwinian Evolution. 
Initially, a set of solutions, initial_set, are randomly generated. Then, amongst these 
initial solutions, some better solutions, father_generation, satisfying certain 
requirements, will be selected to create the next generation solutions, known as the 
child_generation. The child_generation inherits merits from the father_generation. 
In other words, child_generation is the result of mutation and crossover of the genes 
of the father_generation. Then, the newly generated solutions child_generation will 
be relabelled as the father_generation to generate another set of better solutions. 
With an extensive iterative process, a fine-grained solution towards a Pareto Front or 
Pareto-optimal set can be obtained. The entire process can be considered analogous 
to the evolution of species. 
The validation framework taken here compares the evolutionary algorithms 
with newly created HTN-RP modelling approach (referring to Comparison in Figure 
3-6). A Java package called jMetal [93] implemented by Durillo and Nebro provides 
most of the state-of-the-art evolutionary algorithms. Therefore, algorithms in this 
package are selected to generate a Pareto Front, and outputs of these selected 
algorithms are compared with the outputs of the HTN-RP modelling approach.  
 
HTN based Solution Approach 
The intention of the modelling approach is to describe interactions between human 
resources in a workflow system. Accomplishing the current task is not enough for 
validating an HTN-RP modelling approach, as it is a single goal. A more effective 
measurement should be introduced to facilitate the validation. For example, several 
human resources can circularly allocate a current task to others. After a long time, 
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one human resource may stop the circular allocation and start to execute the task. 
Therefore, strict rules for task allocation and execution should be implemented, so 
that tasks can be finished with the demanded satisfaction. Once this is implemented, 
an effective evaluation can be performed on what the human resources actually did 
and what is desired as an optimal outcome. 
With this in mind, a utility function that can enable the HTN-RP modelling 
approach to select the best candidates who can finish a task within some 
requirements is needed. Recalling the test case in Definition 3-8, total payment and 
task execution duration are defined as two objective values. Herein, these two 
objective values are recognized as two vital criteria for defining requirements. That 
is, the requirements are less payment and less time. As a result, the utility function 
for selecting suitable resources is defined in Definition 3-9, below: 
 
 
Definition 3-9 
The utility function f is the function that enables the HTN-RP modelling 
approach to rank the suitability of candidate resources to select a 
suitable executor form set C (including itself and its subordinates). 
 
    
                
                    
    
                
                    
   
Equation 3-5 
 
where i and j are the index of a resource in C and task, respectively, 
     is the set containing the payment value of resource i toward task j, 
and      is set containing the task execution value of every intelligent 
agent i toward task j.  
 
 
With the newly defined utility function f in Definition 3-8, a procedure that can form 
a Pareto-optimal plan for incoming tasks is needed, by incorporating the utility 
function. Such a procedure is stated in Algorithm 3-1. 
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Algorithm 3-1 Allocation Procedure 
Step 1. Task allocation 
Allocating the incoming task T to human resource at the top of 
the resource model, and define this human resource as 
cur_executor for the task T. 
 
Step 2. Initialization 
a. Establishing the initial state, target state and planning 
domain 
b. Finding a task network TN for T  
c. Assigning cur_executor as the executor for every task t 
in TN 
 
Step 3. Judgment 
IF( task network TN contains complex task) 
  Goto Step 8; 
 
Step 4. Complex Decomposition 
Foreach( complex task ct in task network TN ){ 
cur_executor for complex task ct uses the utility function 
in Equation 3-5 to select a suitable executor 
suit_executor; 
IF( cur_executor is not suit_executor ){ 
Put the complex ct into the list 
extra_allocate_cplx_tasks;  
ELSE 
Put the complex ct into the list 
no_extra_allocate_cplx_tasks; 
} 
 
Step 5. Task Replacement with Allocation 
Foreach(complex task ct in list extra_allocate_cplx_tasks){ 
cur_executor find a task network tn that can allocate ct 
to suit_executor; 
appropriately assign suit_executor as executor for every 
task t in task network tn; 
use task network tn to replace ct in task network TN; 
} 
Step 6. Task Replacement without Allocation 
Foreach(complex task ct in list no_extra_allocate_cplx_tasks){ 
cur_executor find a task network tn for complex task ct; 
assign cur_executor as executor for every task t in task 
network tn; 
use task network tn to replace ct in task network TN; 
} 
 
Step 7. Goto Step 3; 
 
Step 8. Export the task network TN and replace the primitive tasks in 
TN with their operators to form an executable plan 
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The output of the procedure above is an executable plan, containing interactions 
between human resources. For example, Step 5 is the step that allocates the incoming 
task within the decomposition. With an executable plan, it can easily calculate the 
final time and cost. The executable plan is a task network containing only primitive 
tasks. The approach calculates the cost of an executable plan, based on the 
occurrence of weighted events. A demonstration of the action weight and calculation 
approach is available in Table 3-9, it can be noted that the weight of start the action 
is bigger than the other actions, as this research is taking the assumption that the 
actual start action requires more effort than the other actions. In addition, the 
calculation approach in Figure 3-8 uses equations that be used in an objective value 
calculation in Definition 3-7 (See Section 3.6.2).  
 
Table 3-9 The weights and types of primitive tasks 
allocate offer start complete 
1 1 2 1 
 
 
 
 
Figure 3-8 Demonstration of the payment for tasks calculation. 
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3.6.3 Validation Result and Discussion 
The necessary components in the validation framework have been introduced in the 
previous sections. Now comes to the analysis of the classical algorithm component 
and the output comparison component in the validation framework. With this regard, 
NSGAII [94] has been selected to implement and facilitate these two components, 
since it is a state-of-the-art technique that has been widely accepted in the research 
[122-124]. 
With the TestCase function (Definition 3-8), some test case instances for both 
HTN-RP modelling approach and NSGAII can be generated. These test case 
instances will be solved by the HTN-RP modelling approach and NSGAII, 
respectively, and the outputs form these two different approaches can be used in the 
comparison, so that the modelling approach can be validated. 
NSGAII can generate many Pareto optimal solutions, and these solutions can 
be used to derive a Pareto-optimal set Ω by employing linear regression. The derived 
Pareto-optimal set Ω can be represented by a linear regression formula β. The 
validity of the HTN-RP modelling approach can be significant if calculations of 
modelling results belong to the Pareto-optimal set Ω derived from NSGAII solutions 
are “similar” to the HTN-RP solutions.  The term “similar” is interpreted as the 
solution µ generated by the HTN-RP modelling approach, satisfying a linear 
regression formula β (Pareto-optimal set Ω). 
At the beginning of the validation process, 40 test case instances were 
randomly generated by varying the TestCase function (Definition 3-8) with 
necessary parameters. The values of the parameters are sampled from uniform 
probability distributions; see Table 3-10 for details. 
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Table 3-10 Union distributions for necessary parameters in the TestCase function. 
Parameter Name uniform distribution 
NT [ 30,   100 ] 
NR [ 3,        16 ] 
H [ 40,      50 ] 
L [ 5,       10 ] 
init_pay [ 5,       30 ] 
pay_inc [ 1.1,  3.0 ] 
 
 
All outputs from the HTN-RP modelling approach and NSGAII were investigated. 
The Euclidean distance between HTN-RP point µ and NSGAII linear regression 
formulas β was compared. The comparison result can be concluded as positive for 
the HTN-RP; the solutions of the HTN-RP modelling approach µ satisfying the 
linear regression formulae β generated by the NSGAII approach. That is, the outputs 
of the HTN-RP modelling approach can generate Pareto-optimal solutions with an 
appropriate configuration. Two cases were used to provide supporting evidence for 
the findings, see Table 3-11. 
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Table 3-11 Details of two supporting test case instances. In each supporting instance, 
at the top of the diagram, the left column indicates parameters for the TestCase 
function, while the right column indicates parameters for the HTN-RP modelling 
approach. With appropriate configurations, the outputs of the HTN-RP modelling 
approach can generate Pareto-optimal solutions. 
Test Case Instance One 
Test Case Template Parameters HTN-RP modelling approach Parameters 
NT = 64 NR = 4 H = 40 L = 5 IP = 11 PI = 2.248 O = 1.10 A = 0.94 S = 1.80 C = 1.23 
 
Test Case Instance Two 
Test Case Template Parameters HTN-RP modelling approach Parameters 
NT =43 NR = 5 H = 44 L = 9 IP = 15 PI = 1.553 O = 1.11 A = 1.20 S = 1.83 C = 1.11 
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In fact, an appropriate configuration of the HTN-RP modelling approach can be 
obtained through a series of linear regressions. This series of linear regressions π is 
different from the linear regression β used in the Pareto-optimal set derivation. The 
series of linear regressions π are weighted multiple linear regressions. The multiple 
linear regressions are used to derive the relationship between parameters of the HTN-
RP modelling approach and the TestCase function. 
The outputs of the HTN-RP modelling can be varied by different action 
weights, with resulting outputs of the HTN-RP modelling neither far from nor close 
to the Pareto-optimal front (the liner regression formula β). This means different 
action weights provide varying information about the deterministic component of 
total process variation. A regression procedure that treats all of the data equally 
would give less precisely measured points more influence than they should have and 
would give highly precise points too little influence [95]. Therefore, a possible 
solution is to use weighted multiple linear regression (WMLR) to reduce negative 
influence. 
The parameters of the TestCase function were used to derive the values of the 
HTN-RP modelling approach by employing WMLR with the weight of the HTN-RP 
point    defined as      
                
                
, where      is the distance between point    and 
its corresponding NSGAII linear regression formula β, while         and        the 
maximum and minimum distances of these points, respectively. Applying WMLR to 
each HTN-RP parameter can establish the linear relationship between HTN-RP and 
TestCase function, see equation formula below. 
 
 
 
 
 
   
                     
                     
                     
                     
   
 
 
 
 
 
  
  
 
 
  
  
  
 
 
 
 
 Equation 3-6 
Where  
1) O, A, S and C stands for action offer, allocate, start and complete, 
respectively 
2) NT, NR, H, L, IP and PI are the parameters of the TestCase function 
3)     is a regression coefficient for the linear regression formula being 
calculated by the WMLR. They can be used to represent the linear 
regression formula,  
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                                          , 
where           ,    stands for O, A, S and C, respectively 
 
 
3.7 SUMMARY 
In this chapter, a modelling approach for describing human resource behaviour in a 
workflow system has been proposed. The newly developed HTN-RP modelling 
approach is based upon an automatic planning approach known as an Hierarchical 
Task Network (HTN) and previously defined Resource Patterns (RP). 
The chapter shows that the lifecycle of a workitem can be modelled by an 
HTN-RP modelling approach. Two scenarios involving various types of resource 
patterns are used as a demonstration. 
A validation framework was developed to confirm the validity of the HTN-RP 
modelling approach. In such a validation framework, MOO test case instances were 
fabricated to test the HTN-RP modelling approach. The outputs of this modelling 
approach were collected and compared with the outputs of the start-of-the-art 
evolutionary algorithms. Analysis showed that the validity of the modelling approach 
is comparable to other evolutionary and classical models, describing human resource 
behaviour in the workflow system. In particular, the model is tuneable to meet Pareto 
optimization constraints, and has shown from this supporting evidence to be a good 
basis for simulation and visualization approaches developed later in this thesis. 
The HTN-RP modelling approach provides a foundation for further agent-
based simulation development. It enables the development of a multi-agent system 
for simulating human resource in a workflow system, where the HTN-RP modelling 
approach can be used to drive intelligent agents to interact with other intelligent 
agents and workflow management systems in a controllable and configurable manner 
(see Chapter Four). 
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Chapter 4: Human Resource Centric 
Workflow Simulation 
Modern enterprise complexity levels pose challenges to effective business process 
analysis and improvement, as the structure and dynamics of present business 
environments are very hard to model using traditional methods.   The importance of 
applying business process simulation to analyse and improve business activities has 
been widely recognized. However, the development of approaches to simulate 
human resource behaviour remains an ongoing challenge. 
To address this problem, this chapter describes a novel simulation architecture 
where intelligent agents are used to simulate human resources by performing 
allocated work from a workflow management system. In the solutions presented here, 
the behaviour of an intelligent resource agent is driven the HTN-RP modelling 
approach discussed in Chapter Three. To assist this intelligent agent, extra types of 
agents and their dependencies, in the simulation architecture, are defined in generally 
in Section 4.1 and detailed further in Section 4.2. In Section 4.3, this new agent 
architecture is validated against the standard workflow control patterns and in 
Section 4.4 against example medical treatment processes. Lastly, Section 4.5 ends 
with a discussion of the results. 
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4.1 ARCHITECTURE DESIGN 
An effective design method provides developers with guidelines for architecture 
partition, identification and communication of architectural components, information 
transition, as well as system evolution and element notations [96]. The utility of 
effective design methods can be identified in many domains, such as software 
engineering, architecture, and social studies [38, 68, 96]. 
Within this research, single agent architectures were hardly sufficient to 
characterise the complexity of multiple human resources in business environments. 
In this context, a Multiple Agent System (MAS), which is society of intelligent 
agents was used, since they have been shown to provide more effective 
characterisations of complex phenomena [27]. While MAS have the potential to 
introduce new complexity problems, these complexities can be constrained by the 
social and individual behaviours of the agents. In this context, the social behaviour 
refers to the interaction mechanism between intelligent agents, while the individual 
behaviour refers to the autonomy of an agent. 
Chapter Three has already addressed the HTN-RP modelling approach. Such a 
modelling approach can automatically generate interactions between human 
resources (See the Definition 3-7 in Section 3.6.2). This was utilized to represent the 
autonomy of agents and to the simulate workflow planning behaviour of a human 
resource. 
In a business environment, a worker may need assistance from other. For 
example, workers at the operational level may use device that can only be purchased 
by other department. This is also true in the software agent domain. Wooldridge [27] 
acknowledged that a single type of intelligent agent can hardly accomplish the entire 
task, and it always requires assistance from other types of intelligent agents. With 
this in mind, additional intelligent agents were defined as types that could mutually 
assist each other in the agent architecture. They were driven by previously defined 
HTN-RP modelling approach. The design, development and implementation of the 
agent architecture for simulating human resource behaviour in a workflow system 
(referred to from here on as the simulation system) is also presented. 
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The Gaia methodology [68] is a widely used MAS design methodology
6
. This 
methodology provides a model-based approach for analysing and developing social 
and individual behaviour of intelligent agents in MAS. This model-based approach 
enables system developers to design a system from requirements at the strategic level 
down to the realizable blueprint at the operational level, see Figure 4-1. In following, 
the discussion follow the Requirements Statement Stage, Analysis Stage and Design 
Stage will be presented, according to the Gaia methodology [68]. 
 
 
Figure 4-1 The design framework of Gaia methodology, adapted from [68]. 
 
 
4.1.1 Requirements Statement Stage 
The requirements statement stage aims to list out the system functionalities, and 
behaviours that need to be achieved according to the requirements from beneficiaries 
and customers, which will involve activities concerned with requirement enlistment, 
analysis, documentation, validation and management. 
The intended aim of this new agent sub system is to provide a human centric 
business process simulation mechanism for a workflow system. That is, presenting 
human resource behaviour in a computer generated environment, simulating daily 
activity planning behaviour in the workflow system. The utility of a WfMS can be 
seen through its definition (see [57]). In daily work, WfMS allocates workitems to 
resources, provides resources with an interaction platform according to the 
                                                 
6
 It has been cited more 2200 times, according to Google Scholar. 
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organizational structure, and records the behaviour of resources in logs that can be 
used for later analysis and process modelling. 
Apart from the discussion above, insights by Rozinat et al. [64] can also be 
helpful. They suggested that the design and current-state information should be 
utilized in workflow simulation, since the information can help agents replicate the 
model of real human resources. 
The utilitarian view of WfMS in [57], along with insights provided by Rozinat 
et al. [64] and problematic areas in Business Process Simulation discussed in Section 
2.1.5, provided this study with valuable background information to generate the final 
requirements analysis. Incorporating these analytical results is necessary for effective 
architecture design, where the architecture in this study aimed to satisfy the 
following requirements: 
1. Via rational interactions, the agents should be able to simulate human 
resource activities defined in the resource model of a business process. 
2. The agents should be able to correctly interact with a WfMS. They should 
understand the functionalities of a WfMS without exceptions. 
3. The agents should be able to couple with different simulation scenarios, so 
that the simulation process can emulate real workflow system. 
4. The system should be able to monitor the behaviour of intelligent agents and 
record their behaviour, so that it can be validated. 
5. The architecture of the system must reduce the coupling between modules, 
and enhance their reusability, so that they can satisfy the simulation and 
visualization needs via a workflow system. 
6. Agents should be flexible and implemented easily so that they can provide 
any WfMS with a simulation component. 
The first three requirements will satisfy the analysis stage of the Gaia methodology, 
developing required resource and interaction models, along with highly modular and 
the components for the architecture. 
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4.1.2 Analysis Stage 
The Analysis Stage involves two models, namely the Roles Model and the 
Interactions Model. The Roles and Interactions Model provide an architecture for the 
system, forming the foundation of the Agent, Services and Acquaintance Model 
defined later in this chapter. The Roles Model makes abstract the roles for each agent 
by specifying their responsibilities, and the Interactions Model specifies the 
interactions between agents in fulfilling those responsibilities. 
The Roles Model aims at providing identification of, and comprehensive 
functions for, each role in the architecture [68]. These roles define the agent type in 
an Agent Model. Usually, this is not a one-to-one mapping, because an agent may 
have multiple roles. 
In the Roles model, five roles are identified. They are Creator, Human 
Resource
7
, Messenger, Customer and Auditor. The identification of these roles aims 
to meet previously mentioned requirements (Section 4.1.1). A detailed description 
about the responsibilities follows. 
1. The Creator role is the one creates and deletes other role instances, 
according to simulation needs and manipulates the availability of instances 
of the other roles. The definition of this role is to satisfy the dynamics in 
the simulation. 
2. The Messenger role is the interface that receives and sends information, 
facilitating interaction between different architecture components.  
3. The Human Resource role is used to simulate the behaviour of human 
participants in the workflow system, dealing with major processes that 
support the workflow enactment. In other words, they interact with the 
WfMS to simulate the human behaviour, formulating the behaviour logic 
underlay the simulation. 
4. The Customer role can register simulation instances in the simulation 
environment according to a simulation specification, and can provide 
necessary information to assist other role instance in the simulation. 
                                                 
7
 The Human Resource refers to the role in the Roles Model, while the human role refers to the actual 
human who is recognized as the resource in the office context. 
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5. The Auditor role monitors the behaviour of role instance, logging events 
that happen in the simulation, and keeps records for the further analysis. 
The Interactions Model further describes the relationships and dependencies 
between roles. There are two types of interactions in the Interactions Model, and this 
research names them as internal and external interactions. 
The internal interactions occur between Creator, Human Resource, Customer 
and Auditor. They aim to facilitate simulations and data for analysis. Creator role 
creates instances of Human Resource role before the simulation. The newly created 
Human Resource instances interact with each other based upon the signals sent by 
the Customer role. In addition, the Auditor can connect to the system and record their 
behaviour. 
The external interactions occur between Creator, Human Resource, Messenger 
and external software applications, where the external software can be a WfMS or 
another Virtual World application, satisfying simulation and visualization needs. The 
most important role in the external interaction model is the Messenger role that deals 
with interface between the role mentioned above and other software applications. 
The new application developed in this thesis aims to provide workflow system 
oriented simulation and visualization involving WfMS and Virtual World software 
applications as remote components. Human Resource can interact with a WfMS via 
Messenger, simulating the behaviour of human resource in the workflow system. In 
fact, these interactions are the resource patterns [55], shown in the last chapter. To 
satisfy visualization needs, agents within the Human Resource should interact with 
the Virtual World via the Messenger, so that the simulated behaviour can be visually 
interpreted. The interactions described above have been illustrated in Figure 4-2. 
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Figure 4-2 The interactions in the simulation system. 
 
The Roles and Interactions Model provide abstract specifications regarding systemic 
mechanisms that are fundamentals to the agent architecture design. In 
implementation this solution, these two abstract models can be used to illustrate 
types of agents, services that agents can offer, and how an agent acquires the service 
from other agents. 
The following sections reveal roles and interactions in the workflow 
simulation. However, the discussion about role, interactions and agent types, as well 
as an overview of the entire system involving the simulation and visualization 
modules, will be left for Chapter Six. 
 
4.1.3 Design Stage 
The Design Stage involves the Agent Model, Services Model and Acquaintance 
Model. These models transfer the analytical models into the design, providing a 
foundation of the implementations that may proceed. 
The Agent Model is used to document various types of agents in the 
development and instance number while the system is in enactment. It indicates the 
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correspondence between agent types and previously discovered roles. Usually, one 
agent type can possess multiple roles. However, any agent type in this proposed 
system only possesses one role. Therefore, there are four agent types in this proposed 
system: Resource Manager, Auditor, Customer and Resource Agent (details are 
shown in Figure 4-3. 
 
Resource Manager Agent
Creator Messenger
Auditor Agent
Auditor
Customer Agent
Customer
Resource Agent
Human Resource
1 1 1 +
 
Figure 4-3 The agent model in the simulation architecture. There are four types of 
intelligent agent in the architecture. The number of Resource Agents is at least one in 
quantity, while the other intelligent agents are only single instances at run time.  
  
The Services Model identifies the services associated with each agent type, while the 
Acquaintance Model represents the data interaction between agent types. In this 
work, two models were combined (see Figure 4-4). 
The main aim of this chapter is to discuss human resource behaviour 
simulations; that is, the interactions highlighted by the red rectangle in Figure 4-4. 
These interactions can be implemented by adapting the previously discussed HTN-
RP modelling approach in Chapter Three, which will be further discussed in Section 
4.1.4.  
Lastly, it should be noted that Figure 4-4 only represents the Services and 
Acquaintance Model of the simulation system, while the visualization system will be 
discussed in Chapter Six. 
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Figure 4-4 The combination of service and acquaintance model. The interaction 
component, which is highlighted by red rectangle, will be further discussed in 
Section 4.1.4.   
 
4.1.4 HTN-RP Modelling Approach Integration 
So far, three stages of the Gaia methodology have been discussed, providing 
developers with a systematic overview of the agent architecture. Process on 
modelling, like what has been done in Chapter Three, is a high priority of simulation 
[97]. This section adds a component of designing work for the agent architecture by 
incorporating the HTN-RP modelling approach proposed in Chapter Three into the 
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agent architecture. The discussion in following deals with the underlying mechanism 
for interactions between the Resource Agent and a WfMS. 
In a workflow system, the behaviour of a human participant can trigger a state 
transition of a workitem. For example, in a hospital department, a workitem called 
“receive patient” is allocated to a nurse. As the nurse processes some activities, this 
workitem is in a started state. When those activities are completed, this workitem 
will be in the completed state. This example indicates a typical state transition 
triggered by a human resource, like several scenarios discussed in Chapter Three. 
In fact, resource patterns are workflow transitions networks. With the HTN-RP 
modelling approach, these patterns can be used to represent the lifecycle of a 
workflow item. In the context of a simulation, the HTN-RP modelling approach can 
be adapted to simulating the planning behaviour of human resources in the lifecycle 
of a workitem. Herein, the HTN-RP modelling approach was adopted as a 
component for the Resource Agent (see Section 4.1.3), see the formal definition in 
Definition 4-1. 
 
Definition 4-1 
The HTN=<w, i, D(w), A > is a planning framework that returns a 
sequence of ground actions representing a plan for a workitem, where 
 w is a workitem; 
 i is the initial state of the workflow planning environment 
D(w) is a function that iteratively decompose a complex task into a 
set of low-level sub tasks, and will decompose the workitem into a 
set of ground actions representing the plan for a workitem 
A is the corresponding action operation related to the 
decomposition of workitem w. The execution of an action enables a 
Resource Agent to finish a sub task and generate some effects  that 
may lead to a state transition of the workitem, if the preconditions  
of action  are satisfied. The execution of these sequenced ground 
actions or plan will lead to its final state, that is, failed or 
completed, in Ω. 
 
Definition 4-1 provides essential components in the adapted HTN-RP modelling 
approach. Erol et al [98] provided a procedure that can automatically decompose 
complex task and assemble ground actions to represent a plan for a workitem. Such a 
procedure can also be employed to decompose a workitem and assembly ground 
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actions that can provide a schedule of task to human resource behaviours simulation 
(see Algorithm 4-1). 
 
Algorithm 4-1 Resource Agent & WfMS Interaction Mechanism. 
Step 1. Down load a workitem w from a WfMS, and let current state 
cur_ste = i and current task cur_tsk = w  
Step 2. Select a task network with , and let current task network 
cur_tsk_net = D(cur_tsk) 
Step 3. IF ( cur_tsk_net is a primitive task network ){ 
Find a sequence of action operations   from A to instances 
primitive tasks in cur_tsk_net; 
IF ( preconditions of   can satisfied with cur_ste ) 
GOTO Step 7; 
 ELSE 
Return FAILURE; 
} 
Step 4. Find the a complex task cpx_tsk in cur_tsk_net; 
Step 5. Select a task network tsk_net for the complex task cpx_tsk by 
using  tsk=D(cpx_tsk); 
Step 6. Update cur_tsk_net by replacing cpx_tsk with tsk_net, then 
GOTO Step 3; 
Step 7. Foreach ( action operation a in   ) 
         Interacting with WfMS by executing  
 
The algorithm described above involves three parts. The initialization part at Steps 1 
and 2 convert an incoming workitem into a task network. The decomposition occurs 
at Step 3 to 6, where complex tasks in the workitem are decomposed to their 
respective primitive task networks. Given only primitive tasks, execution of those 
primitive tasks occurs at Step 7. 
Note, it is necessary to provide a sufficient actions set A to prevent 
computational difficulties. More specifically, two constraints are required [99]. First, 
every primitive task in D(w) must have an action in A that can be executed. Finally, a 
workitem can be decomposed down to a primitive task in a finite number of steps. To 
satisfy these two constraints, developers should provide function D(w) with a set of 
non-primitive task. This allows a planning algorithm to select an appropriate non-
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primitive task from a function D(w) to resolve the workitem. Every non-primitive 
task is defined by an ordered set of primitive and non-primitive tasks, where each 
primitive task can be solved by a ground action and non-primitive task decomposes 
to itself. Thus, decomposition from a workitem to the ground action within finite 
iterations can be established. 
To illustrate Algorithm 4-1, consider a workitem “receive a new patient” where 
the workitem is allocated by a WfMS and decomposed by Resource Agent as several 
task networks (see Figure 4-5). Task network A is a complex task at a very high level, 
lower down, this task network can be decomposed as task network B and C. These 
two task networks are composed by resource patterns, where any contained action 
triggers the state transition of the workitem on set Ω. For example, Accept Workitem 
in task network C can map the workitem “receive a new patient” into the Allocated 
State. At the very bottom, complex tasks in these two task networks can be further 
decomposed. Task networks b1, b2, c1 and c2 represent what a Resource Agent 
actually can do. The selection of these task networks, B, C, as well as b1, b2, c1 and 
c2 is based on the states. For example, complex task Execution Phase in task 
network A (beneath the workflow client application in Figure 4-5) can be 
decomposed as task network B or C with the condition of time availability. If it is 
decomposed as task network B, with availability of additional nurses, the task 
network B can be further decomposed as task network and b1 or b2.  
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Figure 4-5 Illustration of the decomposing the workitem “receive a new patient.” The Workflow Client Application describes the behaviour of a 
WfMS that is offering a workitem to a Resource Agent. Lower down, the Resource Agent decomposes a workitem as three task networks B and 
C. These two task networks are composed by resource patterns. The complex tasks in these two task networks, then, can be further decomposed 
as task network b1, b2, c1 and c2. 
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Figure 4-5 provides some characterizations of how the HTN-RP modelling approach 
can be used to arrive at interactions between Resource Agents and WfMS. It also 
provides detailed information about the red rectangle in Figure 4-4. That is, the 
behaviour of resource agent, referring the part beneath the line titled “Workflow 
Client Application” in Figure 4-5, is modelled by the HTN-RP approach. 
The system described thus far can provide scope for a more sophisticated 
human resource behaviour simulation and visualization system. The modelling 
language for HTNs are generally extensible [66, 98], which can provide reusability. 
For example, “notify another nurse” in task network c2 can be a complex task, and it 
can be replaced by any other task networks, if a database containing numerous task 
networks is available. Task networks including behaviour such as reading chars, 
making a phone call and walking from one location to another can also be added to 
enrich this task network c2. These newly added behaviours can be converted, with 
avatars in a virtual world, to represent human resource work behaviour, see Figure 
4-6. This visualization feature of such a simulation system will fully covered in 
Chapter Six.  
 
Figure 4-6 The behaviour of walking from one location to another. This behaviour 
can be implemented with an avatar (the virtual character with purple clothes), which 
can be used to visualize the agent simulation results. 
 
4.2 SYSTEM IMPLEMENTATION 
The simulation system was implemented using the JADE (Java Agent DEvelopment 
framework) platform, which is a JAVA based agent infrastructure facilitates agent-
based application development. In addition, the YAWL (version 2.0) engine was 
selected as the WfMS for the system implementation, where the YAWL (Yet 
Another Workflow Language) system is a WfMS developed from the workflow 
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reference model [42], due to its superior ability at implementing the canonical set of 
workflow patterns [42]. 
  
4.3 SYSTEM VALIDATION 
This section proposes an objective validation for the agent system developed in the 
last section. The “Comparison to Other Models” and “Traces” approaches from [8] 
are employed to validate the internal consistencies of the system by recovering 
workflow patterns from the system logs and comparing those patterns against the 
initial patterns and against the set of all known patterns. These two methods are 
implemented through process mining techniques, which are defined in [100] to 
derive workflow control, resource and data models from logs. 
 
4.3.1 Validation Methodology 
A MAS is modelled from the social and individual aspects [27], which describes how 
intelligent agents coordinate with others and how an individual intelligent agent 
behaves, respectively. The term “validation for a model” refers to “substantiation 
that a computerized model within its domain of applicability possesses a satisfactory 
range of accuracy consistent with the intended application of the model” [101]. This 
thesis seeks to use this as a measure of the internal rationality, and thus validity of 
the implemented system. 
In the context of MAS, the validation should proceed from social and 
individual aspects. With this in mind, this research selects two suitable techniques, 
which are “Comparison to Other Models” and “Traces” from [8], to validate this 
agent simulation system from a social and individual perspective, to provide 
supporting evidence that the behaviour of the agents in this simulation system is 
rational. The following renames Comparison to Other Models as Model Comparison. 
The Model Comparison validates the social aspect, since the simulation result 
is the joint effort of intelligent agents inhabiting in the system, as any single type of 
intelligent agent cannot achieve the whole simulation goal by itself. This method 
compares results generated by this agent system with the results generated by another 
simulation system or some pre-existing results.  
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Currently, nineteen foundational control patterns occur in workflow modelling 
that can be used to form more complex workflow models [44]. In this work, the 
Model Comparison method starts from the comparisons of simulated patterns against 
these foundational patterns. 
State-transition diagrams can characterize workflow patterns (see Figure 4-7). 
In such diagrams, tasks (which relate to workitems) are usually represented by 
squares. An arrow that connects one task to another defines a state-transition in the 
model. Usually, they are triggered by the completion of a workitem. 
 
Figure 4-7 Example of four basic control patterns, AND-Split, AND-Join, OR-Split 
and OR-Join. 
Given the relationship between agent activities and workitems, process mining can 
be used to discover workflow models from the event logs of workitems. In this work, 
process mining is used to rediscover and compare the nineteen fundamental 
workflow models from the event logs of the agent system. Any missing or wrong 
transitions are recognized as incorrect. Given a tally of incorrect transitions, Equation 
4-1 is applied to compute the performance over foundational patterns. 
 
     
                                       
                 
       Equation 4-1 
                  
A workflow is a state-transition system, transiting tasks (workitem) from states. 
A missing or wrong transition will result in a workflow discrepancy. Equation 4-1 
can generally indicate the discrepancy between original and rediscovered models. 
Table 4-1 gives a simple demonstration, where a “correct” YAWL model and other 
two “incorrect” ones are compared. 
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Table 4-1 The state discrepancy between “Correct” YAWL model and “Incorrect” 
YAWL models. Due to the difference in the transitions, the state of recovered 
YAWL models can vary in quality. 
Type 
Graphical 
Representation 
State Enumeration 
“Correct” YAWL 
model    
“Missing” YAWL 
model   
 
“Incorrect” YAWL 
model    
                 
In addition to the control pattern comparison, a more advanced validation approach 
using complex model comparison is involved, where three complex workflow 
models extracted from [131-133] are used to validate the simulation system. These 
workflow models encompass different treatments for pelvis fixation from the basic to 
the most complex, in terms of the number of workitems and their inner dependency. 
In other words, they are tiered treatment approaches for pelvis fixation. The purpose 
of using these tiered medical treatment processes to test the simulation system comes 
in two points. Firstly, workflow applications in healthcare domain are recognized as 
a great challenge [102] for workflow technology. Secondly, selecting a set of tiered 
medical treatments aims to be in close line with actual situations. In practice, 
treatment processes are subject to resource constraints that can affect outcomes. For 
example, as an emergency occurs, a speedy treatment is needed to ensure patient 
safety, which is strongly dependent on human resource availability. 
The Trace technique requires analysis of the behaviour of an individual 
intelligent agent in the simulation system, to determine if the logic of the actions 
undertaken is correct [101]. This validation approach used here includes assessment 
of the individual behaviour of an intelligent agent. The validation framework will use 
a sequence to represent the workitem state transition, indicating how an agent 
executes the tasks, which will have its validity evaluated by visual inspection. 
The validation framework additionally creates a random simulation system to 
form a baseline measurement for these two validation techniques. The random 
simulation system replaces the Resource Agent with a Random Agent, but uses the 
architecture of a human resource centric simulation system. The Random Agent will 
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randomly select an action to transit a workitem from one state to another, without 
considering the preconditions of the action and the current state of the workitem. 
In practice, two simulation systems were validated though the framework in 
Figure 4-11. The validation framework considers the structural correctness of these 
workflow models in adapted workflow systems [131-133], since rediscovered 
process models are typically compared from purely structural perspectives and 
domain specific medical treatment intentions are not within the scope of this paper. 
Each of the workflow models, either control pattern model or complex workflow 
model, was enacted as 30 instances. Logs recorded the behaviour of the intelligent 
agents over the 30 workflow instances, and were then analysed and retrieved by 
process mining algorithms. 
At this validation stage, three types of process mining algorithms are available. 
These algorithms are the α algorithm [103], region mining algorithm [104] and 
heuristic mining algorithm [105]. The common idea behind these three algorithms is 
that they retrieve process models from event logs by calculating types, ordering and 
frequencies of events. The implementations of these algorithms are available in 
ProM
8
. ProM is a generic open-source platform for integrating process mining tools 
and algorithms, allowing information extraction from event logs, see the illustration 
in Figure 4-8. The traces of cases illustrated in the left part of Figure 4-8 are 
demonstrated in Table 4-2. 
 
 
 
Figure 4-8 Illustration of event logs and mining results adapted from [105]. On the 
left side, event logs in five cases are shown. On the right side, the resulting mined 
business process from a control perspective in (a) and related resource models in (b) 
and (c).  
                                                 
8
 ProM tool website - http://www.processmining.org/ 
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Table 4-2 The Traces of cases in Figure 4-8. 
Case ID Traces of Event Logs 
Case 1 ABCD 
Case 2 ACBD 
Case 3 ABCD 
Case 4 ACBD 
Case 5 AED 
 
The α algorithm [103] can deal with small scale models with less human 
assistance. Four relationships in the α algorithm are defined to decide the ordering 
logic of tasks, see Table 4-3. Initially, the α algorithm will classify all task 
relationships by using these four ordering logics and then a set of theorems are 
employed to calculate the entire process model. However, the frequencies of tasks 
are less prominent in the algorithm, resulting in a weakness in determining and 
identifying some complex control patterns.   
 
Table 4-3 The ordering logic of tasks in mining a process model from event logs 
used in α algorithm [103]. 
Ordering Logic Traces of Event Logs 
a >Wb 
iff there is a trace σ = t1t2t3...tn−1 and i  {1,...,n − 2} such that σ   W 
and ti = a and ti+1 = b, 
a→Wb iff a>Wb and b ≯Wa, 
a#Wb iff b ≯Wa and a ≯Wb  
a||Wb iff a>Wb and b>Wa 
 
The region mining algorithm [104] and heuristic mining algorithm [105] can deal 
with noise and complexities in large logs. To address the weakness of the α 
algorithm, the frequencies of tasks and two additional ordering logics are involved. 
The two additional ordering logics in Table 4-4 are used to determine long distant 
relationship between two tasks in a process model. An example discussed in [104] 
can be used to demonstrate this capability. A genuine relationship between task A, B, 
C, D, E, F and G is represented in Figure 4-9. Some traces of event logs may result in 
a different process model, due to the absence of two additional ordering logics, see 
Table 4-5.  
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In addition, the frequencies of one task are involved in the calculation. Noise 
in event logs can be detected and excluded from the derived process model. For 
example, a fragment of trace can be ABC and this fragment appears 999 times in a 
total 1000 pieces of traces. Only one trace containing a fragment may look like ACB 
and this may be an erroneous trace caused by some random effect. Without the 
calculation of frequencies, the outcome can be Task A followed by Task B and C 
concurrently. Indeed, the genuine relationship of Task A, B and C is a sequence, see 
Figure 4-10. 
 
Table 4-4 Two additional ordering logics defined in heuristic mining algorithm [105]. 
Ordering Logic Traces of Event Logs 
a >>Wb 
iff there is a trace σ = t1t2t3...tn−1 and i  {1,...,n − 2} such that σ   W 
and ti = a, ti+1 = b and ti+2 = a 
a >>>Wb 
iff there is a trace σ = t1t2t3...tn−1 and i  {1,...,n − 2} such that σ   W 
and i<j ti = a and tj = b 
 
 
 
Figure 4-9 The genuine process model of task A, B, C, D, E, F and G adapted from 
[104]. 
 
 
Table 4-5 The possible outcome of a mining algorithm without considering the 
distant relationship. The links BE and CF ignored by the mining algorithm. 
Some traces A possible mining result 
ABCDFEG 
 
ACBDEFG 
ABCDEFG 
ACBDFEG 
ABDCEFG 
ACDBFEG 
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Figure 4-10 the genuine relationship between tasks A, B and C is represented in 
diagram a, whereas the erroneous relationship between them is in b. Although the 
number of trace ACB is in a small number, the co-existence of trace ABC and trace 
ACB disturbs the mining algorithm. Therefore, the parallelism between task B and C 
appears. 
 
 
However, these two algorithms [104, 105] often require user configuration. For 
example, the heuristic miner algorithm [105] requires a user to input eight parameters 
that are used to obviate noise, before it mines. To gain an accurate result, it often 
requires the user to have a good understanding about the structure of the logs and 
possible embedded process model. The region mining algorithm [104] will generate 
a process model with several exit points. It is the user who decides which exit point 
can be kept, if an accurate process model is expected. Therefore, some subjective 
interpretation is required when evaluating the results of such models. 
In the validation framework, the initial workflow models are workflow patterns, 
which are essential, small scale models that are suitable for the α algorithm. Thus, 
the validation framework uses an α algorithm as a prime validation algorithm, and 
uses the other two algorithms (heuristic and region mining algorithm) as alternative 
algorithms if some exceptions occur that require further analysis. 
 
110 
110 Chapter 4: Human Resource Centric Workflow Simulation       
 
Figure 4-11 Validation framework. 1) Workflow instances are provided to 
Simulation systems. 2) Simulation logs are extracted and analysed by ProM. 3) 
Analytic models about control patterns and workflow systems, and rediscovered 
model from Prom are provided to the Model Comparison and Traces module. 4) and 
5) shows the two approaches to evaluating the quality of the returned models. 
 
 
4.3.2 Validation Results 
Taking a Random Agent as a first base line measurement, the human resource centric 
simulation system has shown a significant advantage in both validation approaches, 
the Model Comparison and Traces. This section shows detailed investigation results 
of Model Comparison and Traces proposed in Section 4.3.1 and 4.3.2, respectively. 
 
Model Comparison Result 
The distance metric for each workflow pattern from the control pattern model 
comparison is available in Table 4-6. Using the formula represented in Equation 4-1, 
it shows the ratios which indicate the error percentage in the Resource Agent section 
are lower than the ones generated by a Random Agent. 
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Table 4-6 Statistics on error percentage. 
Pattern Sequence Parallel Split Synchronization 
Exclusive 
Choice 
Single Merge 
Resource 
Agent 
100% 100% 100% 100% 75% 
Random 
Agent 
66% 57% 75% 71% 75% 
Pattern 
Multi-
choice 
Synchronizing 
Merge 
Multi-merge Discriminator Arbitrary Cycles 
Resource 
Agent 
100% 100% 82% 27% 100% 
Random 
Agent 
30% 20% 19% 19% 19% 
Pattern 
Multiple Instances Without 
Synchronization 
Multiple Instances with a Priori Design Time 
Knowledge 
Resource 
Agent 
87% 87% 
Random 
Agent 
19% 37% 
Pattern 
Multiple Instances with a Priori Runtime 
Time Knowledge 
Multiple Instances without a Priori Runtime 
Time Knowledge 
Resource 
Agent 
87% 87% 
Random 
Agent 
25% 25% 
Pattern 
Deferred 
Choice 
Interleaved 
Parallel Routing 
Milestone Cancel Activity Cancel Case 
Resource 
Agent 
100% 100% 100% 100% 100% 
Random 
Agent 
29% 17% 29% 29% 23% 
 
A graphic representation about comparison result in complex model comparison is 
made. Similar to the comparison results on control patterns, the Resource Agents 
have shown lower error percentages in three complex workflow models than the 
Random Agents, see Table 4-7. 
 
Table 4-7 Statistics on error percentage. 
Pattern PelFix_1 PelFix_2 PelFix_3 
Resource Agent 91.3% 100% 100% 
Random Agent 26.1% 0% 0% 
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In Figure 4-12, workflow models PelFix_1_Res and PelFix_1_Ran are rediscovered 
from human centric system simulation logs and random simulation system logs, 
respectively. Visually and from presented distance metric scores, it can be seen that 
PelFix_1_Res is more similar to PelFix_1_Original. The same results can be applied 
to PelFix_2_Res and PelFix_3_Res in Figure 4-13 and Figure 4-14, respectively. 
 
 
 
Figure 4-12 Graphical illustration of complex workflow model comparisons for 
PelFix_1. Most of the transitions in analytic model PelFix_1_O can be rediscovered 
from the PelFix_1_A, but PelFix_1_B missed most of them. Missing and wrong 
transitions are indicated by dotted arrow and dash arrows, respectively. 
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Figure 4-13 Graphical illustration of complex workflow model comparisons for 
PelFix_2. Most of the transitions in analytic model PelFix_2_O can be rediscovered 
from the PelFix_2_A, but PelFix_2_B missed most of them. Missing transitions are 
indicated by dotted arrows. 
 
 
Figure 4-14 Graphical illustration of complex workflow model comparisons for 
PelFix_3. Most of the transitions in analytic model PelFix_3_O can be rediscovered 
from the PelFix_3_A, but PelFix_3_B missed most of them. Missing transitions are 
indicated by dotted arrows.  
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Trace Results 
Most results in the basic control pattern comparisons are above 80% correctness, and 
visual inspection of PelFix_2_Res and PelFix_3_Res shows them to be similar to 
analytic models. However, there are some significant abnormal results in the model 
comparison. Result of the Structured Discriminator in control pattern comparison 
states 63% (1-27%) and 25% (1-75%) error rate, respectively. PelFix_1_Res in 
complex model comparison missed two transitions.  Maybe, such high error rates and 
two missing transitions are generated by some abnormal behaviour of Resource 
Agents. In the light of this, it is necessary to check the individual behaviour of 
Resource Agent or Random Agent using a Trace technique, so that it can decide if 
such error results are generated by the behaviour of intelligent agent, or may be a 
side effect of the alpha process mining algorithm.  
Usually, the initial state of a workitem should be offered or allocated, and its 
final state should be completed or failed [54, 55]. With this in mind, the state 
transition of every workitem in the logs for the problematic patterns and complex 
models was investigated. 
A workitem in Discriminator (pattern 9) is selected for demonstration, see 
Figure 4-15. A redundant state transition in the Random Agent is found. This finding 
can also be found in the traces of the Resource Agent in the PelFix_1l model. 
Perhaps, it is these redundant state transitions underlying the workflow model that 
confused the α algorithm, so that the rediscovered models from the logs of the 
Random Agent in Model Comparison are dissimilar to the analytic models 
However, traces of Human Resource Agents in both the Discriminator and 
PelFix_1 are more rational than the ones of Random Agents. That is, there is no 
redundant state transition in traces of Resource Agents, suggesting that the α 
algorithm applied to logs of Resource Agents may not be interfered. 
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Figure 4-15 Illustration of a fragment in systems logs, which represents a state 
transition sequence. It is apparent that the Random Agent cannot make a rational 
action and redundant states appeared. Compared with Random Agent, there is no 
redundant state transition in the trace of Resource Agent. The redundant state 
transients are highlighted in grey colour. 
 
 
4.3.3 Discussion 
The behaviour of Resource Agents is more rational than the behaviour of Random 
Agents. However, two points needs to be addressed for regarding the imperfections 
in distance metrics and rediscovered model. 
Firstly, the distance metrics show that the Resource Agent made some 
mistakes with control pattern models (see Table 4-6). The validation framework, as a 
fallback method, uses the heuristics process mining algorithm, which can deal with 
noise, to investigate problematical rediscovered pattern models. Results show that 
the error ratio in the retrieved Discriminator pattern drops dramatically down to 9% 
(The correct ratio in Table 4-8 is 91%, see the last row, therefore, the error ratio is 
100% - 91%, 9%). The graphical representations and error calculations of 
Discriminator pattern are provided in Table 4-8. Results of other patterns are the 
same with α algorithm. Even with a great effort, the evidence stating that the XOR-
join node can be identified by the α algorithm in these experiments has not been 
forthcoming  
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Table 4-8 The graphical representation of analytic and rediscovered workflow 
control Pattern 9. 
Model Name Graphical Representation 
Calculation 
result 
Analytic model 
 
NA 
α algorithm 
result 
 
19% 
heuristics 
miner 
algorithm 
result 
 
91% 
 
Secondly, there are some transitions missing in the PelFix_1_Res (see Figure 4-12). 
The reason is that there are not enough events in the logs for process mining 
algorithms to display them. 
Usually, a process mining algorithm needs to find the whole event types and 
the probability of each event type. Then, according to the probability of these events, 
the dependencies between tasks can be established. The logs in the examples have 
been manually checked, and there are a few transitions between Consider DPL and 
Angiography, as well as Laparotomy and Check Condition for Pelvic Fixation. Thus, 
ProM can barely retrieve these two transitions and they end up missing in the 
extracted process model. With this in mind, additional simulations should be 
conducted to generate traces enough for the mining algorithm to identify the links. 
An extra 6000 simulation cases were planned to be used, since the heuristics miner 
algorithm developers have used this number in algorithm evaluation [105]. 
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Conventionally, 32 samples is the minimum number for proving statistical 
significance. Arrindell and Van der Ende suggest that 50 samples is an ideal choice 
[106]. Therefore, 50 samples are selected in this particular application. With this in 
mind, the experiments incrementally allocate an extra 50 simulation cases, until the 
6000 simulation cases are used up, or missing links are discovered.  Indeed, the 
missing links had been found in the first 50 simulations. Therefore, no more 
simulations had to be performed, with the results confirming that the lack of events 
in previous iterations results in the missing links, see Figure 4-16. 
 
Figure 4-16 The mining result after an additional 50 simulations. 
 
In conclusion, despite the fact that some imperfections have been found in the 
Resource Agents, further inspection indicates that this is operationally acceptable 
with appropriate caveats for users to be aware of in a fully implemented system. The 
evidence of the results support the statement that the behaviour of the Resource 
Agents is rational and an internally consistent model of resource workflow 
behaviour, and that this architecture and simulation approach can be used as a 
visualization tool in future work to promote insight into workflow resource models. 
 
4.4 SYSTEM FUNCTIONALITY DEMONSTRATION 
With the positive result in the previous section, this research will now show the 
abilities of the simulation system in a what-if scenario. The outputs of the simulation 
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system are in a traditional form, that is, a static text report. This can be regarded as a 
first step to a 3D Visualization of the HTN-RP simulation approach. 
 
4.4.1 Background 
In a fabricated scenario, an administration department in a hospital is considering a 
personnel arrangement for a pelvic treatment process. The treatment process they 
selected is the Model PelFix_1_Original in Figure 4-12, and three candidate resource 
models for this treatment are available in Table 4-9. Resource Model A and Resource 
Model B both contains six human resources, but the responsibilities of the human 
resources are modified in each case. Compared with Resource Model A and 
Resource Model B, there are two more human resources added in Resource Model C 
which intends to relieve workload on individuals. 
 
Table 4-9 Three candidate resource models for the pelvic fixation process. 
Resource 
Model 
Resource ID Responsibility 
A 
Staff_1 Laparotomy, Check Condition for Pelvic Fixation, Pelvic Fixation 
Staff_2 Transfusion 
Staff_3 CT Abdomen, Angiography, Chest X-Ray, Consider DPL 
Staff_4 
Staff_5 
Staff_6 
Receive Patient, Preparing treatment, SICU, Notify Orthopaedic Surgeon,  Notify 
Blood Bank resident, Notify Interventional Radiology Fellow, Ultrasound 
Abdomen 
B 
Staff_1 
Prepare Treatment, Laparotomy, Check Condition for Pelvic Fixation, Pelvic 
Fixation, 
Staff_2 Transfusion 
Staff_3 CT Abdomen, Angiography, Chest X-Ray, Consider DPL, Ultrasound Abdomen 
Staff_4 
Staff_5 
Staff_6 
Receive Patient, SICU, Notify Orthopaedic Surgeon,  Notify Blood Bank 
resident, Notify Interventional Radiology Fellow 
C 
Staff_1 Laparotomy, Check Condition for Pelvic Fixation, Pelvic Fixation, 
Staff_2 Transfusion 
Staff_3 
Staff_7 
CT Abdomen, Angiography, Chest X-Ray, Consider DPL, Ultrasound Abdomen 
Staff_4 
Staff_5 
Staff_6 
Staff_8 
Receive Patient, SICU, Notify Orthopaedic Surgeon,  Notify Blood Bank 
resident, Notify Interventional Radiology Fellow 
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The simulation system is provided with the workflow model and three resource 
models for the simulation. Then, the simulation results are analysed with ProM and 
an estimated time consumption is calculated. The simulation system is executed for 
each of the different simulation role model configurations. Detailed information 
about time consumption in the simulation is available Table 4-10. By adding more 
staff or adjusting staff responsibility, time consumptions in Resource Model B and C 
drop down, compared with Resource Model A. Despite the fact that Resource Model 
B requires less staff than Resource Model C, which requires less spending on human 
resource, Resource Model B has not yet shown advantages in Min and Ave of 
workflow instance sector, as well as Min and Ave of workitem sector (the Min, Ave 
and Max under Workflow instance and Workitem refers to the minimum, average 
and maximum time consumption of a single workitem or workflow instance). Thus, 
managers need to trade off more factors, if they want to get an optimized resource 
model. 
 
Table 4-10 Simulation results with three resource models. The time consumption is 
measured in minutes 
Resource 
Model 
Model Attributes Time Consumption 
Staff 
number 
Staff 
responsibility 
Workflow instance Workitem 
Min Ave Max Min Ave Max 
A 6 Unadjusted 53 158 285 2 19.8 58 
B 6 Adjusted 48 106 158 2 14.75 53 
C 8 adjusted 34 118 245 2 13.92 52 
 
4.4.2 Discussion 
Through a simple case study, an example of what-if scenario generation has shown, 
which may help managers solve some concrete problems at an operational level in a 
resource management scenario. However, some issues should be kept in mind for 
pursuing a visualized real-life simulation. 
The knowledge representation of human resource should be addressed. This is 
because that the behaviour of people is determined by their knowledge in daily work. 
For example, when people select a collaborator, they may chose the one they known 
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well [107]. Thus, to visualize cooperative behaviour at the operational level, the 
representation of the planning result needs to be analysed and a general approach 
developed. 
Dynamic participant workflow assignment should be involved [108] in 
simulation. In a workflow system, it is unrealistic to believe that processes are stable 
and context sensitive workflow management is highly demanded in some industrial 
areas, such as health care applications [109]. Sometimes, the resource model needs to 
be update as the workflow model changes [14]. Thus, visualizing dynamic 
assignment is needed.  
Implementation issues related to the visualized workflow simulation need to be 
considered [75]. Usually, visualization can be implemented by multimedia 
techniques to provide researchers and users with a rich analysis platform. For 
example, Clancey et al. [110] filmed the behaviour of a group people as they were 
performing work, and derived an abstracted model for work participants. Filming is 
good for recording and observing the behaviour of work participants, however, it 
only provides observers a static environment for analysis activities. Such an 
approach represents historical information and cannot allow observers to participate 
in a model of the work environment. Compared with filming techniques, a 3D virtual 
world is believed to be a better approach that can provide superior insight into a 
workflow simulation [111], since it enables participants to interact with virtual 
characters that are used to represent colleagues. Such an approach extends current 
workflow simulation components, providing a visually interactive result which is 
more sophisticated than traditional text and 2D static results. The benefits of such an 
output are known to experts in other domains. Therefore, aspects, such as interaction 
mechanism between human and workflow management systems, assessment of 
visualized simulation results, and integration with legacy WfMS should be specified.  
 
4.5 SUMMARY 
This chapter has proposed a human resource centric workflow simulation system. 
There are four main contributions in this chapter. 
Firstly, this is a novel agent-based simulation approach that utilizes HTN base 
state transition mechanism to model, in detail, human resource behaviour in a 
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workflow system. Validation results have provided supporting evidence that the 
behaviours driven by this transition mechanism are rational, and can be integrated 
into a future visualization system for use as a business process analysis tool. 
Secondly, it provides a general agent-based simulation architecture that can be 
integrated with a generic WfMS. This means the simulation architecture can be 
implemented as a simulation component for any WfMS.  Evidence for this has been 
shown by testing the architecture against standard workflow patterns and three non-
trivial process models. 
Thirdly, the architecture of this agent system can be used as a paradigm for 
testing workflow pattern based WfMS. The importance of workflow patterns has 
been widely recognized, since those patterns can be used to solve recurring problems 
in process modeling. It can be said that the more patterns an implementation 
supports, the more problems a WfMS can solve. To guarantee the applicability of 
such a WfMS, a testing project is needed. This research details the interaction 
mechanism between an agent system and a workflow reference model. Therefore, 
developers can take the architecture as a reference and implement some specific 
interface to test their newly developed WfMS. 
Fourthly, a what-if scenario has indicated that the simulation system can be 
potentially used as a decision support tool. Such a system can generate simulation 
results according to different simulation configurations of resource models. By 
analyzing these simulation results, it can help users derive an appropriated resource 
model by trading off role model factors. 
This chapter has addressed the human resource behaviour simulation aspect.  
The next two chapters will now address visual validation issues in the diagnose phase 
of the BPM life cycle.  Chapter Five and Chapter Six provide theoretical analysis and 
empirical results that show a 3D virtual world is a potentially effective tool in 
conceptual model validation for business analysts. 
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Chapter 5: Virtual World Communication 
Exploration 
Definitions and relevant concepts about virtual worlds have been introduced in 
Chapter Two. However, the feasibility, suitability and applicability of using a virtual 
world for communication between stakeholders and business analysts has yet to be 
investigated. Therefore, this chapter conducts a theoretical exploration into the value 
of utilizing virtual worlds to support process communication in the diagnosis phase 
of the BPM life cycle. 
Firstly, this chapter establishes a theoretical analysis framework in Section 5.1. 
Then, it describes general communication approaches in Section 5.2, and explains 
the reasons why problems occur in the communication process and predicates how to 
promote communication performance in Section 5.3. Next, Section 5.3 proposes an 
effective communication approach for validation activities in the BPM lifecycle. 
Finally, Section 5.5 summarizes the outcomes of this chapter.  
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5.1 THEORETICAL ANALYSIS FRAMEWORK 
Communication between business analysts and stakeholders is a problematic process 
[24, 112, 113]. The lack of professional modelling knowledge on the part of 
stakeholders has been quite often been discussed as the prima facie problem [26]. 
Beneath this surface evaluation, an in depth investigation is needed about why this 
problematic communication occurs, how it can be improved and what is a suitable 
approach to comprehensively improve the process of stakeholder communication. 
Therefore, this chapter seeks to present a theoretical analysis framework that will 
help to optimise these communication tasks. 
Initially, it is necessary to provide a context for where this analytical 
framework is situated, to show its validity as an analysis tool. The work proposed by 
Gregor [114] is selected to develop the analytical framework in this research
9
. 
Moody discussed a set of principles for designing cognitively effective visual 
notations in [113], where he utilized the work of Gregor [114] to organize his 
arguments. Easterbrook [115] et al utilized this work to guide empirical software 
engineering method comprehension and selection. Therefore, the work proposed by 
Gregor [114] is selected to guide the following discussion. 
Gregor [114] has reviewed numerous works about theory definitions in IS, and 
concluded that a theory is “an abstract entity that aims to describe, explain and 
enhance understanding of the world and, in some cases, to provide predictions of 
what will happen in the future and to give a basis for intervention and action”. In 
particular, she concluded that the primary goals of a theory at the general level can 
be classified as Analysis, Explanation, Prediction and Prescription. With these 
primary goals in mind, she has provided an IS oriented theory taxonomy, see Table 
5-1. 
 
 
 
 
 
                                                 
9
 According to Google Scholar, this work has been cited 744 times from 2006 to 2012, and is 
commonly used to develop theoretical analysis frameworks in IS. 
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Table 5-1 The taxonomy of theory types in IS domain, adapted from Gregor [114]. 
Theory Type Description 
I. Analysis 
The theory does not extend beyond analysis and 
description. No causal relationships among phenomena 
are specified and no predictions are made. 
II. Explanation 
The theory provides explanations but does not aim to 
predict with any precision. There are no testable 
propositions. 
III. Prediction 
The theory provides predictions and has testable 
propositions but does not have well-developed 
justificatory causal explanations. 
IV. Explanation and Prediction 
The theory provides predictions and has both testable 
propositions and causal explanations. 
V. Design and Action 
The theory derives explicit prescriptions for 
constructing an artefact. 
 
With this theory taxonomy, she further explains the dependencies between these 
theories. An Analysis Theory (I) is the foundation of other theories. It aims to 
describe phenomena and provide analysis results, trying to reveal the essential 
principle(s) behind the phenomena, rather than to establish the connection between 
the phenomena and underline principles. Based on analysis results and phenomena 
descriptions obtained from the Analysis Theory, the Explanation Theory (II) and 
Prediction Theory (III) can be used to reveal the essential principle behind the 
phenomena, that is, establish a connection between the underlying principles and 
phenomena. With such a connection, Explanation and Prediction Theory (IV) as well 
as Design and Action Theory (V) can provide people with a workable approach to 
the problem. Gregor illustrates the internal relationship between these five types of 
theories in Table 5-1. 
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Figure 5-1 The internal relationship of these five types of theories, adapted from 
[114]. 
 
The research in this thesis uses the work of Gregor to build up a framework for 
analysing communication between business analysts and stakeholders. The analysis 
framework in this research involves three major components: Analysis; Explanation 
and Prediction; and Design and Action. The objective of the analytical framework is 
to support, in theory, the argument that a virtual world can be used to improve 
communication between business analysts and stakeholders in a BPM 
communication context. 
The analysis framework involves three components. The entire analysis task 
begins with the description and analysis of the communication process between 
business analysts and stakeholders. Then, some theories for Explanation and 
Prediction will be used to explain why the communication progress is problematic, 
and then to predict how to optimize and improve the communication process. Based 
on these outcomes, some theories of Design and Action will be used to argue that 3D 
virtual worlds can be used to enhance the communication process. The Design 
Theory aims to extend the boundaries of human and organizational capabilities by 
employing new and innovative artefacts [116]. Conventionally, it is believed that 
design involves building and evaluation components [116-118]. These two 
components will be addressed separately in the following parts of this thesis. Section 
5.4 discusses how Virtual Worlds can be used as a new artefact to support BPM 
communication, while the evaluation component will be addressed via subjective 
evaluations in Chapter Six. A graphical representation of the analysis framework and 
selected theories [145-149] are indicated in Figure 5-2 and Table 5-2, respectively. 
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Figure 5-2 The graphical representation of the theoretical analysis framework.  
 
 
Table 5-2 The selected theories to be used to fill in the theoretical analysis 
framework. 
Component 
Name 
Theory name 
Theory 
Type 
Utilization 
Analysis 
(Section 5.2) 
Communication Theory 
[119-121] 
I 
Describes the information 
transmission between 
business analysts and 
stakeholders. 
Explanation 
and Prediction 
(Section 5.3) 
Cognitive Theory 
[148, 149, 152-154] 
II,III,IV 
Explaining cognitive 
processes in the mind of 
business analysts and 
stakeholders, and predicting 
how to enhance them. 
Design and 
Action 
(Section 5.4) 
Design Theory 
[116, 122-124] 
V 
Supporting the conjecture 
that a 3D virtual world can 
support BPM 
communication. 
 
5.2 ANALYSIS OF THE BPM COMMUNICATION MODEL 
Communication is an activity that transfers information, thoughts, ideas and 
messages via various approaches, such as voice, signals, diagrams and behaviours. 
Many researchers have created conceptual models and theories for describing such 
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communication. Their conceptual models have been used in different areas, 
including psychology, sociology and science [120, 121].  
Shannon and Weaver proposed their communication theory [121] to model the 
communication process in telecommunication. Their communication model involves 
a message sender, a message receiver and information transitions between the sender 
and receiver In particular, the information transition involves three components: an 
encoding process, a decoding process and the code generated. The communication 
procedure contains noise, affecting the quality of communication results. That is, the 
noise slows down cognitive processes when the message receiver is trying to 
understand the information. The decoded message is at times inconsistent with the 
intended message (the information from the sender). Usually, the noise is random 
variations and unintended artefacts in the encoding and decoding processes, and 
forms of the code. 
Jakobson [120] proposed a linguistics communication model which covers 
functions of languages. This communication model involves six components, which 
are sender, receiver, context, message, channel and code. Similar to the model 
proposed by Shannon and Weaver [121], the sender transfers the information to the 
receiver. The context in this model refers to the background of the communication, 
the message is transferred information, and the channel is a physical or psychological 
connection between sender and receiver, while code is a form representing the 
transferred information. It is believed that a complete and good communication 
requires these six components. In particular, an argument held by Jakobson works in 
concert with that held by Shannon and Weaver, where Jakobson believed that good 
communication requires the sender and receiver to use the same code, while Shannon 
and Weaver believed that noise, as variations in the coding process, can slow down 
cognitive processes. 
These two models have been applied to the development of information 
technology [125], software engineering [113] and media studies [126].  Therefore, 
the following analysis of communication between business analysts and stakeholders 
follows a general model concluded from [120, 121]. Figure 5-3 indicates such a 
general communication model that can be adapted to represent communication 
between business analysts and stakeholders.   
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Figure 5-3 The general communication model adapted from [120, 121], representing 
a communication procedure and noise. 
 
In practice, the aim of the diagnosis phase in the BPM life cycle is to capture, 
analyse, automate and optimize present business processes. Business analysts review 
running results from the business processes of stakeholders and revise the said 
business process, if the stakeholders request changes.  Issues such as, measuring the 
gap between current business processes and desired business processes, should be 
discussed in this phase [25, 127]. An accurate and mutual understanding between 
business analysts and stakeholders is therefore critical in decision making regarding 
process improvements [127]. 
On the one hand, business analysts need to gain a better comprehension of 
requirements and feedback from their stakeholders. This can help them design an 
improvement plan that suits the needs of their clients, and continually revise the plan 
according to stakeholder preferences. On the other hand, stakeholders need to 
articulate their requirements so that business analysts can examine the validity of the 
newly designed business process model, and to confirm that the improved and 
optimized business processes are as proposed by the business analyst. 
During their discussions about a business process, both business analysts and 
operational managers are interested in a number of topics, with some of them being: 
the specific sequence of task events, personnel arrangements and human resource 
behaviour at the operational level of a business environment [128-130]; that is, the 
control, resource and data perspectives of a workflow system. A diagram showing 
the communication skill set of a business analyst, and the interests of a manager or 
client, are represented in Figure 5-4, below. 
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Figure 5-4 Illustration of the main concerns of business analysts and managers. 
 
Based on this description, it can be said that business analysts and stakeholders 
alternatively play the role of message sender and receiver in the communication 
process. 
The information about business processes are encoded by message senders 
(business analysts and/or stakeholders) in verbal, visual and textual codes, such as 
conceptual models with visual notations, documents, sketches illustrating business 
procedures and oral statements. Message receivers will decode the code forms, as 
they seek to understand details about the business processes. 
So far, communication theory has been used to analyse the communication 
roles of business analysts and stakeholders, and the code forms they utilize. A further 
discussion about problematic phenomena, noises and factors affecting the 
performance of the communication between business analysts and stakeholder will 
be revealed in following discussion. 
On the one hand, stakeholders cannot always represent their understanding and 
thoughts about business activities in a well structured way [24]. Their goal may not 
be clearly defined and a variety of unexpected factors can influence their satisfaction 
with meeting results [112]. With such uncertainties, incompleteness and redundancy, 
it is hard to guarantee that business analysts precisely grasp all detailed aspects on 
business activities and requirements. As a result, analysis results, such as conceptual 
models, are often incorrect. 
On the other hand, the visual codes used by business analysts inevitably 
interfere with cognitive processes in the readers. To understand the visual codes 
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requires a cognitive process to work on the conceptual model representations. The 
success of the cognitive process relies on long term memory that contains prior 
knowledge about the conceptual model, such as model grammars and terminologies 
[113]. In practice, it cannot be expected that visual code readers, especially the 
stakeholder, have such a prior knowledge [26].  This has resulted in the common 
experience that conceptual models puzzle stakeholders. In addition, conceptual 
models, as the visual code conveying the information, are created using various 
visual syntaxes and the debate on which is the best visual syntax has been continuing 
for approximately 30 years [113]. Undoubtedly, these visual syntaxes place a burden 
on stakeholders who have less knowledge in conceptual modelling terminology. 
The different roles held by business analysts and stakeholders, different 
encoding and decoding processes, as well as code forms utilized by business analysts 
and stakeholders, can be conceptualized as two communication models within the 
BPM context in Figure 5-5, which will be referred as the BPM Communication 
Model in future.  
 
Figure 5-5 Illustration of a communication model within the BPM context. In Part 
A, the stakeholder plays the role of message sender, trying to pass messages to a 
business analyst playing the role of message receiver. In Part B, their roles are 
reversed. 
 
5.3 EXPLANATION AND PREDICTION 
Basic communication theory [121] has been used to identify the major components 
in the communication process. In following, conjectures related to cognitive theories 
[145, 148, 149, 161] are made to explain why the noise occurs in the communication 
process and predicts what measures can reduce the noise to promote the efficiency of 
the communication process. 
 
132 
132 Chapter 5: Virtual World Communication Exploration       
5.3.1 Explanation 
Communication models shown in Figure 5-5 only provide details about the 
messenger sender and receiver, and the information transmission process in the BPM 
context. A deeper investigation about how human encoding and decoding 
information can be represented is in Figure 5-6. The model proposed in Figure 5-6 is 
known as a Human Process Model (HPM) [131], which models an information 
process procedure in the human brain. Such a model has been widely used in the 
industrial domain for human task performance simulation.  For example, Liu et al. 
[132] applied this model in robotic design as an architecture for simulating human 
multitasking performance. Jastrzembski and Charness [133] utilized this model to 
validate the mobile phone task performance of older adults.  
 
 
Figure 5-6 Illustration of the Human Process Model that is adapted from [131]. The 
model describes the procedure that humans use to process information. The 
information will be processed by a Perceptual Processor, Cognitive Processor and 
Motor Processor in succession, with information being stored and accessed from 
short-term and long-term memory. 
 
The Perceptual Processor in the model helps people sense the input information, such 
as a process model in a graphical representation. Sense organs, such as eyes and ears, 
receive input information. These organs capture incoming information and pass it to 
the Cognitive Processor. 
The Cognitive Processor will analyse the input information by utilizing short-
term memory, which is a temporary storage area loading up input signals. It is 
believed that the loading capability of such working memory is important in both 
verbal and visual information processing [134, 135]. In other words, short-term 
memory can cache the verbal and visual information. The larger the cache size a 
person has, the much more amount of information he/she can store at once. Once the 
133 
Chapter 5: Virtual World Communication Exploration 133  
short-term memory is fully loaded with input information, it is the long-term memory 
that starts to analyse the input information and prepares a response. 
Long-term memory permanently stores some prior knowledge. The amount of 
knowledge determines how can a human respond to the input information [136]. If 
prior knowledge is relevant to the input information, the motor processor will receive 
positive indications from the cognitive processor to enable a human to take a correct 
action, such as giving a clear answer to a question. Otherwise, the motor processor 
will receive negative indications and make an incorrect action, giving an irrelevant or 
wrong answer. 
With reference to this model of information processing, it can be said that the 
cognitive processor plays an important role in problem solving [137, 138]. In the 
context of this research, it can be said that performance of communication between 
business analysts and stakeholders is depended on this same cognitive process. Low 
loading capability in the short-term memory or less prior knowledge in the Long-
term Memory can result in a bad communication process occurring. This is 
consistent with findings in [26], that is, the lack of professional knowledge about 
conceptual models will puzzle the stakeholders.  Therefore, a reverse argument can 
be made; the increase of loading capability in the short-term memory and presence of 
prior knowledge in the long-term memory can optimize and improve the cognitive 
processes involved. 
 
5.3.2 Prediction 
This section aims to use the previous explanation of how humans process 
information to predict the kinds of approaches that can facilitate effective 
communication between stakeholders and business analysts. 
According to cognitive load theory [139], humans have limitations in 
processing information, that is, humans usually can process seven, plus or minus two 
items without context [140]. This is a bottleneck with regards to communication 
improvement and optimization. Miller [140] states that one possible solution for 
communication improvement is to increase the loading capability of the short-term 
memory of the receiver, arousing prior knowledge in the longer-term memory to 
achieve better performance. 
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In BPM consultation practice, tools and techniques, such as individual or group 
interviews, questionnaires, conceptual models, workshops and prototypes, aim to 
achieve better communication [112, 129, 141].  These tools and techniques provide 
people with a wide range of utilities, such as, for example, business plan scenarios, 
user participants, prototype demonstrations, entity representations, information 
displays, richer visualizations about working environments and human resource 
behaviours. 
The conjecture of this research is that these tools and techniques can increase 
the loading capability of the short-term memory and arise prior knowledge in the 
longer-term memory, consistent with the arguments of Miller [140]. For example, an 
accurate visualization about the working environment can arise the prior knowledge 
of a stakeholder. Stakeholders work in a real environment, not a conceptual space. 
They are very visually familiar with their working environment. A visualization of 
their working environment can provide them with a computer synthesized 
representation in a “hands-on” manner that simulates real artefacts in real spaces. 
This enables them to make comments according to their work experience. 
Moody concludes that this “hands-on” manner is a form of semantic 
transparency [113]. He explains that the concept of semantic transparency can be 
considered as a form of imitation by utilizing physical analogies, visual metaphors 
and cultural associations to design physical objects. Such content imitation provides 
the real meaning and appearance of conceptual models. People can directly infer 
information in the conceptual model from the appearance of conceptual models, by 
using some hands-on knowledge, rather than professional knowledge about the 
conceptual models. 
Indeed, these utilities can be combined and employed to form any individual or 
group interview, questionnaire, conceptual model, workshop and prototype [112, 
129, 141]. Therefore, these utilities can be recognized as brain storming (for the sake 
of later discussion, brainstorming will be more formally known as meta-requirements) 
for communication improvement and optimization, that is, they can increase the 
loading capabilities of the short-term memory and arise prior knowledge in the 
longer-term memory. A graphical representation of the prediction is represented in 
Figure 5-7, reflecting the supporting relationship between communication, 
techniques and tools, theory predictions and meta-requirements. 
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Figure 5-7 Illustration of the relationship between theory predictions, meta-
requirement, techniques, conceptual model visualization and communication. The 
meta-requirements can be used to combine techniques and tools that can facilitate 
information transmission. 
 
 
5.4 AN EFFECTIVE COMMUNICATION APPROACH DESIGN 
In previous sections, the explanation and prediction for resolving problems in the 
BPM communication model have been discussed. An approach satisfying these 
meta-requirements (refer to Figure 5-7) should facilitate enhanced BPM 
communication performance. Herein, this section will argue that a virtual world can 
satisfy these meta-requirements and can be designed as an effective communication 
approach. 
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Design and Action Theory can guide this research to systematically and 
scientifically design a better communication approach. Gregor [114] provides a 
prescriptive statement about design theory in her work [114], where she concludes 
that “design theory specifies the meta-requirements addressed by the theory and 
gives a set of system features and a set of system principles for system development 
to meet system requirements”. 
This statement indicates that a design theory is a theory about the meta-
requirements, system features and principles, and system and approach development. 
Markus et al. [116] and Wall et al. [142] hold an argument that system A can meet 
the meta-requirements for developing another system B, then system A can be 
adapted to facilitate the development of system B. Their theory has been widely 
accepted in the IS domain to guide the development of information systems [117]. 
Apart from these, the theory of Reflection Practice [124] developed by Donald 
Schonn, plays a role in this research. Schonn explains that reflection is a conscious 
response to experience by someone.  He believes that an experienced person can 
show better performance than naïve workers, due to the continual reaction triggered 
by reflection on previous experiences. It can therefore be said that if a 3D virtual 
world arouses the previous experience of someone by the interactive visual stimuli, 
then that 3D virtual world may be an effective approach for enhancing 
communication practices between stakeholders.  
With these in mind, following sections will systematically argue that a 3D 
virtual world is an effective communication approach that can be suitable for BPM 
communication. Section 5.4.1 will investigate the features of a 3D virtual world, and 
then Section 5.4.2 will discuss the feasibility of utilizing 3D virtual worlds to satisfy 
previously mentioned meta-requirements and to arouse experience of communication 
partitioners. 
 
5.4.1 Virtual World Feature Analysis 
In academia, a plethora of definitions about 3D virtual worlds, formal and informal, 
can be found. Reviewing these definitions [52, 93, 169, 170] a virtual world can be 
described as a computer-based, simulated, multi-media environment, usually running 
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over a computer network, enabling the user to inhabit and interact via their own 
graphical representations. 
In addition, Maher and Gero [143] provide a discussion on agent oriented 
Virtual Worlds. By combining the intelligent agent concepts proposed in [27], they 
suggest that an agent is an element in a virtual world and a group of those elements 
form a society. Later on, they continue their work and represent a Reasoning Process 
Model for agents in a virtual world [144]. The Reasoning Process Model and 
Memory Model define necessary states and transitions in deriving a plan. The utility 
of these two models is similar to the HTN-RP modelling approach being proposed in 
Chapter Three. In addition, they also address agent communication in virtual worlds. 
They recommend that the Agent Communication Language (ACL)[145], an 
industrial standard, should be used to facilitate the communication between agents. 
The Reasoning Process Model and Memory Model enable agents in a virtual 
world to mimic human resource behaviour. The design and implementation of BPM 
oriented virtual world should incorporate human resource behaviour modules. In 
addition, discussion on ACL in their paper facilitates the implementation of 
prototype communication model. That is, a communication protocol between the 
simulation system (see Chapter Four) and visualization system (see Chapter Six) is 
provided. In essence, their works provide a conceptual basis to the agent architecture 
presented in this thesis.  
An analysis of the functionalities and features of 3D virtual worlds provides a 
better understanding about what a virtual world can offer and how these features and 
functions can suite the purpose of facilitating BPM stakeholder communication. 
Based on a literature review [52, 93, 169, 170], the selected features are represented 
in Figure 5-8, followed by a discussion about their utility. 
 
Figure 5-8 Demonstration of a 3D virtual world features. 
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 Interaction and Collaboration. Interaction and collaboration are two 
important aspects in a communication procedure. These two mechanisms 
ensure that information can be passed from one participant to another. The 
sense of sight is one way people obtain information, thus a virtual world 
can by its real-time visual dynamics facilitate interaction and 
collaboration. 
 Geometry Representation. The geometry in a virtual world application is 
composed of meta-data called geometric meshes. Combinations of 
geometric meshes can form the shape of real objects, such as buildings, 
terrain, vehicles and humans. Images can be laid over the geometric 
meshes, called textures, visually representing the properties of objects, 
such as stone, wood and hair. People can utilize geometries to visually 
replicate the appearance of a real environment. 
 Programming. Developers can use programming languages to implement 
system functions. An object being attached to a script can react to the 
current state of the virtual world, that is, it enables an interaction between 
participants and environmental objects. Some advanced programming 
languages, such as C#, C++ and JAVA, can be used to implement these 
functions, for example, remote database connections or document printing. 
 Avatars. An avatar is a 3D graphical representation of a virtual world 
participant, driven by a human or an intelligent agent. A human can 
navigate his/her avatar to explore the virtual world, create and modify the 
surrounding geometries and interact with other participants. An avatar 
driven by an intelligent agent can be used to represent an artificial life, 
mimicking the behaviour of real people. 
 Behavioural Modelling. A behavioural model is the mathematical 
formulae of the movement logic implemented by a programming language. 
Examples of a behavioural model can be a door opening movement, or the 
picking up of a bag on the table of an avatar receiving an order. 
 Information Visualization. The virtual world application can obtain data 
from the real world and display it as a visual representation. In the real 
world, information is usually represented in a 2D form, such as a table, 
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text or diagram. A virtual world is usually a 3D environment, with objects 
represented using geometric meshes. 
 
5.4.2 BPM Communication Meta-requirements and Virtual World Features 
Mapping 
Virtual world features can be used to create BPM oriented visualization applications, 
satisfying the meta-requirements (refer to Figure 5-7) and facilitating the BPM 
communication model. The supporting relationship between aforementioned meta-
requirements and features of a virtual world application are represented inTable 5-3, 
followed by a discussion about how meta-requirements can be used to enhance the 
communication between business analysts and stakeholders. 
 
Table 5-3 Discussion of the relationship between meta-requirements and virtual 
world features. The left column lists meta-requirements drawn from Figure 5-7, 
while the right column lists combined features of the virtual world.  
Meta-requirements Virtual World Features 
Entity Representation Geometry Representation 
Physical Environment Geometry Representation 
User Participation Interaction and Collaboration, Avatar 
Prototype Demonstration 
Geometry Representation, Programming, Avatars, Behaviour 
Modelling 
Information Display Programming, Information Visualization 
Human Resource Behaviour Avatar, Behavioural Modelling 
 
Entity Representation 
Business analysts usually use simple 2D objects to abstractly represent real objects. 
For example, the Business Process Modelling Notation (BPMN) is used to describe 
the relationships between tasks and state transitions between tasks [146]. Entity 
Relationship Diagrams (ERD) [147] can be used to represent the relationship 
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between human resources and non-human resources. These visual notations can be 
represented in a virtual world, see Figure 5-9. 
 
 
Figure 5-9 Illustration of entity representation. The basic geometries are listed on the 
left, while the combination of these basic geometries, the entity relationship diagram, 
is shown in the right.  
 
 
 
Physical Environment  
In a virtual world, a complex environment can be built up from basic geometries. 
Creators can twist, squeeze and stretch basic geometries into certain shapes to satisfy 
a particular need.  Complex objects from reality, such as rooms, desktops and 
computers, can be replicated by integrating deformed geometries and attaching 
textures. Figure 5-10 illustrates such a creation process and result. 
 
Figure 5-10 Illustration of the basic and complex geometries in a virtual world. The 
four basic geometries in picture A can be combined to create complex geometries, 
such as a blood bag, 2D graphs, ICU unit and ICU room in the picture B, C, D, E and 
F, respectively. 
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User Participation  
Users of virtual world can log into a virtual world from a remote place with a 
software client. The users who log into the virtual world will be represented as 
avatars, and they can communicate with each other with instant text messages or 
audio. This provides people with the opportunity to engage in communication, 
unconstrained by geographical distant. Figure 5-11 illustrates such a scenario where 
two persons geographically dispersed are in the same virtual environment. 
 
 
Figure 5-11 Illustration of user participation. Two persons are geographically 
dispersed, but can still work on the same ER diagram. 
 
 
Prototype Demonstration 
Business analysts can use some visualization approaches, such as a user inteface 
slider, to demonstrate a prototype [112, 129, 141]. Such visual assistance is an 
essential component of requirements elicitation and analysis, enabling business 
analysts and stakeholder to discuss unforeseen situations that may happen in their 
work. In a virtual world, a prototype can clearly demonstrate human resource 
behaviour, enabling stakeholders and business analysts to observe what the business 
plan is like in the real world. Figure 5-12 illustrates a virtual world based prototype 
demonstration. 
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Figure 5-12 Illustration of a business process prototype in the virtual world. The 
participant (black vest) can see the replicated working environment and actual avatar 
performance, explaining the execution of a business process. 
 
Information Display  
Information may be loosely classified as qualitative and quantitative information. 
Quantitative information is always represented from the statistic value, such as 
numbers and frequencies, while quantitative information is always represented by 
content meaning and experience. These types of information reflect the temporal 
state of the business environment. Representations of this information can, amongst 
other things, provide people with insight into the workload of human resources and 
utilization rates of non-human resources. For example, 3D quantitative 3D statistics 
can be illustrated in the virtual world, see Figure 5-13. 
 
 
Figure 5-13 illustration of statistics in a 3D virtual world.  
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Human Resource Behaviour 
The dress and behaviour of people can be a form of self expression and social 
identity [14, 25]. That is, observers can obtain insight into the position level, nature 
of work, interpersonal relationship, intention and characteristics of the observed 
person performing the work activities. In a 3D virtual world, people can create 
avatars with particular appearances, and model their behaviour to mimic the 
behaviour of people in reality. For example, people can tell the profession of the 
avatars shown in Figure 5-14. 
 
 
Figure 5-14 Illustration of the appearance and behaviour of avatars. According to 
their appearances in the left picture (A), observers can conjecture that these avatars 
are in the medical profession. In addition, observers can obtain their behaviour 
information by watching their movements in the right picture (B). 
 
Above, this study proved that virtual world can fully satisfy the meta-requirements in 
BPM communication practices. According to the design theory [116] and Reflection 
Practice [124], it is believed that 3D virtual world is another effective BPM 
communication approach.  
 
5.5  SUMMARY 
 
In this chapter, a theoretical analysis framework has been proposed for solving 
problems in communication between business analysts and stakeholders. This 
chapter began with an introduction of the taxonomy of theories in the IS domain, 
where the types of theories and their functionalities have been discussed. Firstly, it 
has utilized communication theory [121] to identify the main components of 
communication between business analysts and stakeholders. Then, some cognitive 
theories [138-140] were used to explain why the performance of the communication 
process is negatively affected by present process model grammars, and how to 
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achieve a better performance in the communication process by assisting users to use 
long-term memory drawn from work experiences, see Figure 5-15, where a 
comparison of 2D diagram and 3D virtual world communication approaches are 
indicated.  
Some meta-requirements for communication improvement and optimization 
were identified. Finally, the features of 3D virtual worlds were analysed, forming a 
mapping of their key features to communication requirements, showing how the 
features of a virtual world can be combined to assist the validation techniques used 
by a business analyst.  
According to the design theory described in this chapter [116], the conclusion 
is that a virtual world can be potentially used as an effective approach to support the 
communication process between business analysts and stakeholders. From the design 
theory [116] point of view, a system A possessing some features that can satisfy the 
meta-requirements of the development of another system B can be used to facilitate 
the development of system B. From the Reflection Practice theory [124], it enables 
people participating in BPM communication understand the conversation context and 
recall their experience, leading to an understandable communication practice.  
This research does not list all meta-requirements for the communication 
improvement and optimization, since the set of all meta-requirements and features is 
prohibitively large.  In addition, the enumeration of all features of a virtual world 
application is impractical, since the technologies involving a virtual world 
application are being continually developed. However, based on the analysis of a 
carefully selected set of key features, the conclusion still is that a virtual world 
application can be used to enhance communication between business analysts and 
stakeholders. The next chapter will describe the implementation and validation of a 
novel 3D virtual world-based visual simulation approach. 
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Figure 5-15 example comparison of 2D diagram and potential 3D virtual world communication approach. Part A (top) illustrates the 3D 
communication approach, where the specific representation is inspired by [75]. This approach brings the actual work context to the stakeholders, 
helping them arise their long-term memory. Part B (bottom) is a 2D diagram communication approach, where the actual working context is not 
shown. 
A 
B 
146 
146 Chapter 5: Virtual World Communication Exploration     Chapter 5: Virtual World Communication Exploration      
147 
Chapter 6: A 3D Virtual World Workflow Visualization System  147   
Chapter 6: A 3D Virtual World Workflow 
Visualization System 
A novel proof-of-concept visualization system is proposed in this chapter, based on 
the theoretical analysis presented previously. The visualization system presented here 
is another agent-based system constructed using the Gaia methodology, to serve as a 
viewing client. The aim of this visualization system is to offer an easily understood 
visualisation to both business analysts and other process stakeholders. Three 
contemporary visualization configurations are created, and one of these three, 
through subjective evaluation, is identified as a favoured visualization configuration 
for the underlying workflow system.  
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6.1 ARCHITECTURE DESIGN 
In Chapter Four, the Gaia methodology [68] was used to design an agent-based 
simulator centred on human resource behaviours. This methodology has been widely 
applied in MAS design, providing a systematic model-based approach for analysing 
and developing social and individual behaviours of intelligent agents, ranging from 
the requirements at the strategic level down to the doable blueprint at the operational 
level. Therefore, this chapter will employ this method to design an agent-based 
workflow visualization system. Similar to design procedures in Section 4.1, the 
design of this visualization system involves three stages, which are the Requirement 
Statement Stage, Analysis Stage and Design Stage. 
 
6.1.1 Requirement Statement Stage 
A workflow system can be analysed and understood from control, resource and data 
perspectives. It is believed that information visualization tools, employing some 
techniques such as those drawn from research in perception and interaction, can 
provide a better illustration of abstract relationships [148]. With this belief, a virtual 
world, as a versatile visualization platform, should cover the needs from the control, 
resource and data perspectives. Given the novelty of this resource modelling 
approach [5, 28, 29, 174], significant attention has been paid to its details. In 
addition, from the software engineering point of view, a well-designed system 
architecture has been provided, enabling this agent system to be easily integrated into 
other information or visualization systems. 
With these points in mind, it is considered that this visualization system must 
satisfy the following requirements: 
1. the agent system should be able to visualize the workflow system from 
various aspects, such as the control, resource and data perspectives, to cater 
for specific visualization needs; 
2. regarding the resource perspective as the visualization of interest, the agent 
system should be able to visualize human and non-human resources from 
various aspects, that is, the behaviour, attributes and properties of workflow 
resources at the operational level of a workflow system; 
149 
Chapter 6: A 3D Virtual World Workflow Visualization System 149  
3. the architecture of the system must reduce the coupling between modules, 
and enhance their reusability, so that they can satisfy simulation and 
visualization needs in other workflow system implementations. 
These requirements will provide analysis and design guidelines in the analysis and 
design stages in Section 6.1.2 and Section 6.1.3, respectively, which will facilitate 
the implementation work discussed in Section 6.2. 
 
6.1.2 Analysis Stage 
The analysis stage of the Gaia method involves two analytic models, namely the 
Roles and Interaction Models. The Roles and Interaction Models are used to identify 
and comprehend the utility of each individual role in the system, and describe the 
relationships and dependencies between these individual roles. 
In the Roles model, five roles, which are Creator, Messenger, Visualized 
Human Resource, Visualized Object and Viewer, are identified to satisfy the 
requirements proposed in the requirement statement stage. In detail: 
1. The responsibilities of the Creator and Messenger in the visualization system 
are similar to those in the underlying simulation system. The Creator is the 
role that creates and deletes other role instances, according to visualization 
requirements. The role of the Messenger in the visualization system is to 
provide an interface between the visualization and simulation systems. 
2. The Visualized Human Resource and Visualized Object manage the 
visualization of simulated human resource behaviours in workflow 
environments. The Visualized Human Resource coordinates with the role of 
Human Resource in the underlying simulation system (See Section 4.1.2). 
The Human Resource is the role being used to simulate the behaviour of the 
Human Resource in the workflow, while the Visualized Human Resource 
provides a view of those simulations. The Visualized Object not only 
replicates the appearance of non-human resources in the workflow system, 
such as shapes and the textures of devices, but also controls the behaviour of 
a replicated non-human resource, such as the physical movements of 
apparatuses. 
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3. The Viewer is a role that interacts with the system users. Similar to the 
Messenger, this is another interface of the visualization system. Its 
responsibilities are twofold. First, it receives and analyses inputs from the 
system users, such as business analysts and stakeholders, and passes those 
inputs to the other role instances. For example, system users may want to 
know the work load of a human resource. Some inputs, such as clicking a 
mouse, can be collected by the Viewer and then be passed to the Human 
Resource role via the Messenger. Finally, the Messenger receives messages 
from the other role instances and visually represents the messages to the 
system users. For example, it can collect state information of a workflow 
instance, and then represent the state information on a Heads Up Display 
(HUD), thus indicating the state of a workflow system. 
The relationships and dependencies of these roles will be revealed in the 
Interactions Model. The interactions related to the aforementioned roles can be 
categorized as three types: internal, external and user interactions. The internal and 
external interactions are analogues of the internal and external interactions in the 
underlying simulation system. The internal interactions occur between the Visualized 
Human Resource and Visualized Objects, thus satisfying visualization needs. The 
external interactions occur between the visualization and simulation systems, as a 
transfer protocol, while the user interactions mainly focus on user input to the 
visualization system. Figure 6-1 illustrates the three types of interactions. 
 
Figure 6-1 Illustration of the interactions in the visualization architecture. 
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In overview, this system involves three types of interactions, where internal 
Interactions occur within the simulation and visualization systems, external 
interactions occur between these two systems and the user interactions occur between 
the users and the system. These interactions describe the social behaviours of the 
roles over the entire architecture (the architecture described in this section and 
Section 4.1.2). Figure 6-2 shows the interactions from an entirely architectural 
perspective. In the following section, the interactions between intelligent agent 
instances will be presented. 
 
 
Figure 6-2 Demonstration of the interactions in the visualization and simulation 
system. The annotated rectangles indicate the internal, external and user interactions. 
Part 1 is taken from Figure 4-2, while Part 2 is taken from Figure 6-1. In other words, 
this figure is complementary to Figure 4-2. 
 
 
6.1.3 Design Stage 
In the visualization system, four types of intelligent agents were identified in the 
requirement and analysis stages. The relationship between roles and intelligent agent 
types are shown in Figure 6-3. 
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Figure 6-3 Representation of the agent model of the visualization system. There are 
four types of intelligent agent in the visualization system. The quantities of Avatar 
Agent and Intelligent Object instances are multiple, while the quantities of Virtual 
World Manager and Interaction Agents are only singular. 
 
 
The Agent Model in Figure 6-3 can only provide a rudimentary overview that 
requires further information about the coordination mechanisms between these 
intelligent agents. The services associated with each agent type and data interactions 
are depicted in the service Model and Acquaintance Model (see Figure 6-4), and is 
similar to the work seen in Chapter Four. At the implementation level, developers 
can utilize a Service Model and Acquaintance Model to define the protocols between 
intelligent agents. An XML based message is demonstrated in following, where a 
Human Resource Agent (ID: Hum_agent4) is passing a task execution message to an 
Avatar Agent (ID: Ava_agent4). 
 
 
<?xml version=\"1.0\" encoding=\"utf-8\"?> 
<Message id="154:T5_3"> 
<Agent> 
<from>Hum_agent4</from> 
<to>Ava_agent4</to> 
</Agent> 
<Workitem> 
<specid>testVis</specid> 
<caseid>154</caseid> 
<workitemname>Workitem_T5</workitemname> 
<statetype>start</statetype> 
<Workitem> 
</Message> 
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Figure 6-4 The combination of Service and Acquaintance models in the visualization 
system. The Interaction Agent can resolve inputs from System users, and pass 
information generated by Avatar Agents and Visualized Objects to System Users. 
 
 
6.2 SYSTEM IMPLEMENTATION 
The YAWL system [58], JADE
10
, OpenSim
11
, Hippo OpenSim Viewer
12
 and 
OpenMetaverse
13
 API were used in the implementation. The prototype system was 
developed on a commodity laptop, which indicates its feasibility as a working system 
in an organization. 
OpenSim is a 3D application server that allows developers to create a 3D 
virtual world via various clients. The Hippo OpenSim Viewer, is used as the viewing 
client, which allows participants (business analysts or stakeholders) to interact with 
the 3D virtual worlds. The OpenMetaverse software library is used to implement the 
behavioural modelling of human resources in the workflow system. 
The virtual world will render the business environment into an interactive and 
observable form, allowing participants to manipulate the environmental content. The 
implementation work is an extension of the simulation architecture in Chapter Four. 
                                                 
10
 The JADE tool website  ---  http://jade.tilab.com 
11
 The OpesnSim tool website  ---  http://www.opensimulator.org 
12
 The Hippo OpenSim Viewer tool website --- http://hippo-opensim-viewer.software.informer.com/ 
13
 The OpenMetaverse tool website --- http://www.openmetaverse.org 
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Implementation of the MAS required development of an integrated simulation 
and visualization system. In software engineering, the classical Model-View-
Controller (MVC) software pattern was used to partition development of the three 
domains, Model, View and Controller [38]. This pattern can be used to provide an 
overall view of the entire system, see Figure 6-5. 
 
 
Figure 6-5 The software engineering viewpoint of the simulation and visualization 
system. The WfMS and MAS are composited as an underlying simulation system 
that is described in Chapter Four, while the Virtual World is the visualization system 
proposed in this chapter. 
 
6.3 VISUALIZATION SYSTEM DEMONSTRATION 
In Chapter Five, the analytical framework has already explained and predicted that 
widened working memory bandwidth can optimize and improve cognitive processes. 
Mayer and Moreno [149] developed a model to represent cognitive processes in the 
human brain, where the Sensory, Working and Long-Term Memory are involved, see 
Figure 6-6.  
 
 
Figure 6-6 The cognitive process proposed by Mayer and Moreno [149]. 
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Mayer and Moreno further explained that one way to widen the bandwidth of 
Working Memory is to load up more information in the Sensory Memory. 
Using the Mater and Moreno model as an inspiration, this section will describe 
four potential workflow visualization approaches in an incremental manner. That is, 
beginning with a rudimentary visualization approach (labelled as TYPE A), the 
discussion moves onto three additional visualization approaches (labelled as TYPE B, 
C and D), as distinct visualization approaches. Indeed, discussion related to TYPE A, 
B and C in Section 6.3.1 illustrate existing visualization approaches, while TYPE D 
in Section 6.3.2 is a human resource pattern oriented visualization approach proposed 
in this thesis. 
The capabilities of the visualization system can be characterised via two 
fundamental factors. First, this research has proposed a way to view human resource 
behaviours with the consideration that the human resource perspective is ongoing 
research [5, 28, 29, 174]. Finally, this system can be configured to generate a series 
of proposed visualizations. Therefore, these present visualizations need to be 
subjectively evaluated. 
 
6.3.1 Three Proposed Visualization Configurations 
The rudimentary visualization can be the combination of ideas proposed by [51-53, 
99] (refer the discussion in Section 2.3). These visualizations just represent the 
reality in a virtual world, without embedding extra information. This research names 
such a visualization approach as TYPE A, see Figure 6-7. Based on this 
visualization, the rest of the three visualizations, where extra information is 
embodied to enhance cognitive processes, are discussed. 
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Figure 6-7 TYPE A, the rudimentary visualization approach. 
 
Embedding information using Augmented Reality (AR) techniques has been shown 
to enhance cognitive processes [150]. The second and third visualization approaches 
presented here are similar to approaches widely used in the AR domain, where 
concise information embodied in the virtual world can provide a globe and local 
view of the current state. Figure 6-8 shows two different visualization approaches, 
the embodied 2D information (text and diagram), and juxtaposed 3D geometry. The 
picture A in Figure 6-8 provides information readers with a global view about the 
world, indicating the overall information about the airplane. The picture B in Figure 
6-8 indicates a local view about a world, with an embedded navigation system (red 
cylinders) guiding users in the next few steps.  
 
Figure 6-8 Snapshot of augmented reality techniques. Picture A is a visualization 
system [151] that can embody global information about an airplane. Picture B is a 
navigation system [152], where 3D cylinders are used to demonstrated a possible 
path. 
 
A B 
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The second visualization approach, TYPE B, is an approach embodying a workflow 
model as a Heads Up Display (HUD), indicating the global information of the 
current task which is being observed, see Figure 6-9. The third visualization 
approach, as TYPE C, is an approach juxtaposing workflow models in the 3D virtual 
world, as proposed by Brown [75]. 
 
 
Figure 6-9 TYPE B, the visualization approach embodying a workflow model. 
 
 
 
Figure 6-10 TYPE C, the visualization approach juxtaposing workflow models as a 
HUD. 
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Indeed, TYPE B and C are incremental improvements on TYPE A. Both of them are 
adding extra visualization information into TYPE A. From Mayer and Moreno’s 
point of view [149], such an incremental information visualization approach can 
enhance human cognitive performance. 
Following this trend, this thesis will propose a more novel visualization 
approach in Section 6.3.2. This newly proposed approach is a human resource 
behaviour oriented visualization approach, which will be labelled as TYPE D. Once 
this approach has been introduced, a subjective validation approach for these four 
visualization approaches will be conducted in Section 6.4. 
 
6.3.2 Human Resource Behaviour Oriented Visualization 
Within the human resource perspective of a workflow system, human resource work 
behaviours are of primary concern [14]. The behaviour of human resources has been 
recognized as one important factor that could affect the performance of an 
organization [18, 19]. Conceptual models describing their behaviour can help 
business analysts understand their behaviour, and visualization of their behaviour can 
help business analysts give a better explanation of workflows to stakeholders. 
Chapter Three has proposed the HTN-RP modelling approach and this section is 
going to propose a visualization approach for previously discussed HTN-RP 
modelling results. 
The previously modelled resource patterns involve two entities, states and 
transitions. A state means a unique configuration of the system, indicating the static 
aspects of a workitem. A transition means a process where a system moves from one 
state to another, describing dynamic aspects of the workitem. It is proposed that 
appropriate geometry, and an animated avatar, features of a virtual world discussed 
in Chapter Five, can be used to satisfy the static and dynamic aspects of workitem 
visualizations. 
Geometry in a virtual world can be shaped and decorated with different 
textures to represent different materials. These representations are an integration of 
visual singles (structure and colour spectrum). According to cognitive theory, the 
working memory in a human can distinguish the features of visual singles [135]. In 
the context of this research, visual features can be used to represent the different 
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states of a workitem. For example, a green colour can suggest a workitem is in a 
started state, while a red arrow can suggest a workitem is being handed over from 
one human resource to another. 
Avatars, in general, are a representation of the self in a given environment, 
enabling its host to sense and react to events happening in the environment, and to 
change the given environment [153].  In the context of a 3D virtual world, an avatar 
can be a humanoid 3D representation, driven by a virtual world participant (a human 
or an intelligent software agent).  It can be used to replicate the behaviour of a human 
resource in the workflow system. For example, the hand shaking of two avatars can 
be used to represent reallocation of a workitem, the keyboard tapping of an avatar 
can be used to represent a human resource dealing with a workitem. Such an 
animated behaviour can intuitively suggest the transitions happening in the system 
[61].  
With the discussion above, if a resource pattern can be modelled and mapped 
into a virtual world appropriately, participants such as business analysts and 
stakeholders can observe resource patterns represented in an intuitive manner. A 
mapping mechanism between modelled resource patterns and virtual world features, 
geometry and avatar, will be necessary for this visualization system, and is shown in 
Table 6-1. 
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Table 6-1 The mapping mechanism between the visual representation of states and transitions in the resource patterns. 
Resource Pattern 
Element 
Visual Representation Description 
State 
     
A cube with different textures can be used to represent the 
state of the workitem. The texture, with words and 
colourful background, can be used to indicate the name 
and status of the workitem, respectively. By attaching the 
texture on the cube, it enables people to observe the state 
information of the workitem from different angles, and 
different colours will make its internal state 
distinguishable. 
Transition 
  
The animation and postures of avatars are used to 
represent the dynamic aspects of the workitem. The avatar 
taking blood indicates a blood transition is in progress.  
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A use case can be helpful in a visualization capability demonstration. With regards to 
this, Scenario 3.2 mentioned in Chapter Three is adapted to suit. In the scenario, four 
resources are involved in accomplishing a complex workitem, containing three 
primitive tasks. The example involves a creation pattern, pull pattern, push pattern, 
detour and an auto-start pattern, with the example itself as a multiple resource pattern 
representing the relationship “many workitems to many resources”, see Scenario 6-1 
below: 
 
Scenario 6-1 
The trauma team lead R1 is executing a workitem WX, the “Medical Case 
Review”. At that time, the workflow engine creates a workitem called 
“Surgery Preparation” W0 for the resource R1. Thus, resource R1 
reallocates workitem WX to another RX with current execution 
information of the workitem WX. After the reallocation, resource R1 
accepts this workitem W0 and starts to divide W0 as three sub-workitems, 
“Retrieve Patient Information” workitem W1, “Aesthetic Preparation” 
workitem W2 and “Instrument Preparation” workitem W3, which are 
going to be allocated to herself and surgery assistants R2 and R3, 
respectively. R2 should passively wait for the allocation, while R3 can 
actively commit to the workitem. If resources R2 and R3 confirm the sub-
workitems, they are entitled to execute these three workitems. The 
execution of sub-workitem W1 should be started immediately after the 
accomplishment of W2 and W3. When W1 is finished, the original 
workitem W0 can be concluded and checked back to the workflow 
engine.” 
 
The scenario above implicitly contains several resource patterns [55]. For example, 
the detour pattern (Pattern R-PR,) between Resource R1 and RX, as they are dealing 
with workitem WX. The pull pattern (Pattern R-SA) between Resource R1 and R3, as 
resource R3 is actively requiring the commitment of sub-workitem W3. The lifecycle 
of workitem W0 can be modelled by an HTN. Figure 6-11 shows the final modelling 
results, while Figure 6-12 illustrates a visualization of the modelling result. The 
relationship between the modelling results and visualization are in Table 6-1. 
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Figure 6-11 The HTN solution of surgery preparation, representing the lifecycle of the workitem “surgery”. The circle is the representation of 
state, while the curve arrow is a representation of transition.  
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Figure 6-12 The resource behaviour visualization in nine pictures. These nine pictures describe the responsibilities of different resources in the 
workitem surgery preparation. Such a workitem is divided into three sub-workitems that are allocated to three different resources. The 
combination of these nine pictures reflects the relationship of many workitems to many resources, that is, a multiple resource pattern. The 
relationship between these nine pictures and modelling results are indicated in Table 6-2. 
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Table 6-2 The relationship between visualization results in Figure 6-12 and modelling results in Figure 6-11. 
Picture ID HTN modelling result Picture ID HTN modelling result Picture ID HTN modelling result 
1 S1 2 S2 3 T1 
4 S4 5 S5 6 T5 
7 T6 8 S6 9 T10 ,T11 
10 S8 11 S8 , T12 12 S9 
Pattern Category Pattern Name Picture ID Remark 
Creation Pattern Pattern R-DA 4,5 
A resource is creating three sub-workitems, and going to allocate these sub-
workitems. 
Push Pattern Pattern R-DBOS 6 A resource is trying to allocate a workitem to her subordinates. 
Pull Pattern Pattern R-SA 7 A resource is actively asking for workitem commitment. 
Auto-Start Pattern Pattern R-CC 10,11 
As two resources completed their workitems in picture 10, a resource can start a 
workitem in picture 11. 
Detour Pattern Pattern R-PR 3 
One resource is reallocating her workitem to another resource, the other resource can 
continue her work 
Multiple Resource Pattern Pattern R-AR 5-12 A resource needs two extra resources to assist her to accomplish surgery preparation.   
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In this section, the system has visualized the Creation Pattern, Pull Pattern, Push 
Pattern, Detour Pattern, Auto-start Pattern and Multiple Resource Pattern, but has not 
shown the Visibility Pattern. According to [54], the Visibility Pattern mainly deals 
with the availability and commitment of workitems and attributes of resources. That 
is, it deals with questions, such as “is it appropriate to let resource A know the state 
of workitem B.” This is a problem of authorization rather than state transition. 
Despite the fact the visualization case does not involve the visualized visibility 
patterns, it still can visualize them by modifying the visual properties of the cube(s) 
hovering above the heads of avatars. The cube is an indication of the state of a 
workitem being processed by an avatar. The solid, semi-transparent and fully 
transparent appearance of the cube can be mapped to indicate that the workitem is in 
a different visibility pattern state, as per the demonstration in Table 6-3. 
 
Table 6-3 Possible demonstration of a Visibility Pattern. These two pictures indicate 
different visibilities of the same workitem. A cube in the left picture is semi-
transparent, indicating to the observer (a business analyst pretending to be an 
unauthorized workflow resource) that this role is not be authorized to view the state 
of the workitem, while the one in the right picture is opaque, indicating the observer 
(a business analyst pretending to be an authorized workflow resource) has been 
authorized to view the state of the workitem. 
Visibility Pattern Demonstration 
View of an unauthorized person View of an authorized person 
  
 
6.3.3 Discussion of Visualization Approaches 
In all, three extra visualization approaches based on TYPE A were created. These 
visualization approaches have different advantages. For example, TYPE B is position 
independent, but does not juxtapose location with work clearly. TYPE C is 
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positional, and thus useful in this way, due to the juxtaposition of information with 
the location of work. TYPE D is good at demonstrating human resource behavior, by 
aligning the work information with the resource allocated. Table 6-4 illustrates them 
and discuss their features. 
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Table 6-4 Four visualization approaches created within the human cognitive process principle [149]. 
Type Snapshot & Description 
A 
                
The base visualization approaches, where no extra information is integrated, proposed by [78]. 
B 
                 
The HUD visualization configuration that is derived from AR techniques [151]. It provides both global and local views about the workflow 
system, indicating the relationship to the execution environment of the tasks being performed.  
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Type Snapshot & Description                 
C 
                 
The juxtaposed visualization configuration proposed in [75]. It indicates a control perspective oriented local view of the workflow system, 
indicating execution locations of particular tasks.  
D 
                 
The human resource centric visualization configuration proposed in this chapter, inspired by [75]. It indicates a resource perspective oriented local 
information view in the workflow system. 
  169 
Chapter 6: A 3D Virtual World Workflow Visualization System 169   
6.4 SUBJECTIVE VALIDATION FOR VISUALZATION APPROACHES 
The validation of an approach, theoretical model or a system can be categorized as 
subjective or objective validation approach [8]. The objective validation requires 
some mathematical procedure or statistical results to prove validity of approach, as it 
has been done in Chapter Three and Chapter Four. Subjective validation requires 
users to participate in the validation process, where the attitudes of the users towards 
the system are collected. Conventionally, due to the need to meet user requirements, 
the development of a visually interactive software artifact research requires some 
form of subjective validation. 
For the sake of validation completeness, a subjective validation of the proposed 
visualization approaches in Table 6-4 is conducted in this section. Section 6.4.1 
reviews some relevant validation approaches. Then, Section 6.4.2 combines these 
validation approaches and proposes a subjective validation for the four visualization 
approaches. Finally, Section 6.4.3 discusses the data analysis approach and 
investigation results. 
 
6.4.1 Subjective Validation Approach Review 
Since the visualization approaches were implemented through 3D Virtual 
environments and an Information System, an appropriate subjective validation 
approach will require compliance across both disciplines. 
In the 3D Virtual World domain, there are various subjective validation 
techniques and approaches that can be used to test the usability of virtual world 
software and applications. Bowman et al. [39] provide a taxonomy of evaluation 
approaches (see Table 6-5). They concluded that the term usability can defined as 
“ease of use” plus “usefulness”, including such quantifiable characteristics as learn-
ability, speed and accuracy of user task performance, user error rate, and subjective 
user satisfaction” [39]. Simply put, usability is a concept covering the suitability, 
acceptability and understand-ability of an artefact. 
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Table 6-5 The taxonomy of evaluation approaches  [39]. 
Evaluation Approach Brief Description 
Cognitive Walkthrough 
An approach to evaluating a user interface based on 
stepping through common tasks that a user would 
perform and evaluating the ability of the user interface to 
support each step. 
Formative Evaluation 
An observational, empirical evaluation method that 
assesses user interaction by iteratively placing 
representative users in task based scenarios in order to 
identify usability problems. 
Heuristic Evaluation 
A method requiring usability experts to separately 
evaluate a prototype by applying a set of design 
guidelines that are relevant. No representative users are 
involved. 
Post-hoc Questionnaire 
A written set of questions used to obtain demographic 
information and views and interests of users after they 
have participated in a usability evaluation session. 
Interview / Demo Evaluation 
A technique for gathering information about users by 
talking directly to them with a demonstration of the 
prototype. 
Comparative Evaluation 
An evaluation and statistical comparison of two or more 
configurations of user interface designs, user interface 
components and/or user ITs. 
 
These approaches have been selected and combined to evaluate different 
visualization prototypes. For example, Prabhat et al [154] combine Comparative 
Evaluation and Demo Evaluation to test the usability of Desktop, Fishtank and Cave 
Systems in visualizing DNA information by asking users questions. These questions 
were related to the features of visualized information, such as “How many kinds of 
nuclei do you see?” By measuring the correctness ratio of these questions, the 
suitability of each visualization configuration, Desktop, Fishtank and Cave was 
evaluated.  
In the Information Systems domain, the Technology Acceptance Model (TAM) 
[181-183] is a mature subjective validation approach that has been widely used. It is 
an attitude scale used to evaluate software for a range of aspects, such as the 
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Intention to Use, Perceived Usefulness and Perceived Ease of Use. Inspired by TAM, 
Fetscherin and Lattemann [155] have proposed a virtual world oriented TAM, named 
User Acceptance of Virtual World, aiming to evaluate a virtual world application 
from the Perceived Ease of Use (PEU), Attitude Towards Technology (AT), Social 
Influence (SI) and Anxiety (An). 
 
6.4.2 Subjective Validation Approach Design 
The subjective validation approach is designed based upon a literature review in 
Section 6.4.2, and it will be articulated from the strategic and operational level.  
At the strategic level, the subjective validation approach used in this work was 
based upon methods in [39, 155]. Bowman et al. defined the term suitability in the 
paper [39], Fetscherin and Lattemann proposed aspects for evaluating a virtual world 
application in [155]. Considered these two papers together, the subjective validation 
is defined as an investigation of usability in the BPM communication model from the 
perceived ease of use, perceived usefulness, behavioural intention to use and attitude 
towards technology; in addition to, social influences, performance expectancy and 
the anxiety of use. 
At the operational level, three evaluation approaches mentioned in [39], Post-
hoc Questionnaire, Interview / Demo Evaluation and Comparative Evaluation were 
used to construct a questionnaire. The questionnaire was composed of three parts. 
The first part, Part A, was a post-hoc questionnaire, aiming to obtain demographic 
information from participants, while the second and third parts, Part B and C, 
incorporated the Interview / Demo Evaluation and Comparative Evaluation proposed 
by [39]. These two parts can be interpreted as evaluating which is a better 
visualization approach. 
In Part B, questions related to these visualizations are divided into two sub-
sections. Firstly, all participants were allowed to watch a single visualization 
approach, either Type A, B, C or D indicated in Table 6-4, for a maximum three 
times. Then, they answered 14 multiple choice questions in sub-section A, aiming to 
test the usability of the visualization configuration. Then, the sub-section B involved 
9 Likert scale attitude question covering aspects, such as Perceived Ease of Use, 
Attitude towards Technology, Social Influence and Anxiety. 
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The Part C was a comparative evaluation, where participants were required to 
leave some comments about advantages and disadvantages regarding these four 
different visualization configurations. 
The entire questionnaire could be finished in 30 mins. Students from 
Queensland University of Technology who had verifiable knowledge in Nursing, 
Information Systems and the 3D games industry were recruited via email. Each 
participant was rewarded with an AUD 15 shopping voucher, when they finished and 
submitted the on-line questionnaire. A fully detailed sample of the on-line 
questionnaire is available in Appendix. 
 
6.4.3 Result Collection, Investigation and Discussion 
Collection 
The collection period of this subjective validation continued for one month. Three 
hundred and ninety one students from Information Systems School in the Science 
and Engineering Faculty, and the Nursing School in the Healthcare Faculty were 
invited to participate in the on-line subjective validation. In total, eighty three 
students have responded to invitation emails, with sixty one have completed all 
questions. Twenty two students did not completed the questionnaire fully; they only 
partially completed the Part C. That is, they have not left any comments in the Open 
Comments section in Part C. However, they did finish the whole of Part B and voted 
for their favourite visualization in Part C. Therefore, these responses are still used in 
the analysis of answers to Part B and partial Part C (Please see details in Table 6-6). 
Table 6-6 Statistical information regarding the number of respondents. 
Responded Numbers by Question 
Types Total Distributed Emails Response Emails Completed Questionnaires 
A 94 19 12 
B 92 20 13 
C 96 22 18 
D 109 22 18 
Total 391 83 61 
 
Part A of the questionnaire collected their backgrounds, such as their professional 
qualifications, education and experience in Information Systems, Medical Treatment 
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and 3D Computer Games. In Part B, students were asked to answer multiple choice 
questions based on what they observed; the correctness rate in answering questions 
related to visualization Type A, B, C and D was collected as an indicator of the 
ability of the visualization to convey information. In addition, their subjective 
attitudes towards the visualization were collected and measured by 5 point Likert 
scales (1 = strongly disagree to 5 = strongly agree). Part C then displayed four 
shortened versions of these four visualizations. Open comments toward advantages 
and disadvantages about these four visualizations and general beliefs regarding the 
best visualization were collected and analysed. Figure 6-7, Figure 6-8 and Figure 6-9 
represents the statistical information drawn from Part A, B and C. Please note the 
following analysis work is based on the integrated information in these tables. The 
analysis was conducted based on “integrated” information, rather than “separated” 
information. The “integrated” information refers to the information of all participants 
who observe visualization type A (B, C, D), while the “separated” refers to the 
information of participants who have different professional backgrounds and observe 
visualization type A (B, C, D).  This lack of “separated” analysis was due to the lack 
of statistically significant response numbers from each separate professional 
background. 
With Table 6-7, it can be seen that a majority of people have experience and 
professional qualifications in Information Systems. However, a number of people 
state they have professional experience in Medical Care domain, but they state low 
values in the actual experience section. A small amount of people come from the 3D 
Games profession, and they consistently expressed that they have a high amount of 
3D Game experience. 
The oddly distributed response data in Table 6-7 can be explained. An 
information system, such as an email system, is a common computer based system, 
greatly used in the daily life of most people. It is reasonable to believe participants 
coming from all professions can state they have great deal of experience of 
information systems. In addition, the medical care profession requires specialist 
training. As participants are students in a university, while they may have the 
professional qualifications, they may not have much experience in the profession, 
and so will report low experience values in the questionnaire.  
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Table 6-7 Demographic information about participants. 
Part A Background Experience of Participants 
Vis. 
Type 
Average 
Age 
Experience Professional 
Inf. Sys. Med. 3D Game Inf. Sys. Med. 3D Game 
A 27 4.47 2.26 2.53 53.8% 46.2% 0.0% 
B 23 4.00 2.15 4.20 76.9% 23.1% 23.1% 
C 28 4.67 3.38 3.57 35.7% 64.3% 0.0% 
D 31 4.95 2.14 3.36 84.2% 21.% 5.3% 
Total 23 4.35 2.11 3.34 62.2% 36.1% 6.6% 
 
 
 
Table 6-8 Statistical information about the performance of visualizations in 
communicating process information and acceptance of virtual world application by 
subjects. 
Part B 
Sub Part A Information Recall by Subjective 
Question Items A B C D 
8 100.0% 100.0% 100.0% 100.0% 
9 7.1% 28.6% 42.1% 70.6% 
10 35.7% 50.0% 31.6% 17.6% 
11 57.1% 64.3% 78.9% 64.7% 
12 38.5% 78.6% 63.2% 76.5% 
13 30.8% 57.1% 36.8% 64.7% 
14 9.1% 21.4% 15.8% 35.3% 
15 78.6% 71.4% 42.1% 62.5% 
16 50.0% 57.1% 63.2% 58.8% 
17 28.6% 21.4% 42.1% 17.6% 
18 69.2% 64.3% 73.7% 58.8% 
19 57.1% 78.6% 50.0% 52.9% 
20 57.1% 57.1% 72.2% 58.8% 
21 57.1% 50.0% 52.6% 64.7% 
Sub Part B Virtual World Acceptance Model 
Question Items A B C D 
PEU 
22 3.71 4.14 3.79 3.94 
23 3.57 3.86 3.42 4.06 
AT 
24 4.00 4.43 3.63 4.28 
25 3.79 3.57 3.11 3.72 
26 4.00 3.93 3.47 4.33 
SI 
27 3.57 4.15 3.32 4.06 
28 3.36 3.50 3.00 3.72 
An 
29 3.86 3.70 3.68 4.11 
30 3.79 4.07 3.53 4.11 
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Table 6-9 Statistical information on Part C. 
Part C 
Summary of Open Comments on Visualizations 
Vis. Type Advantages Disadvantages 
A 
Original basis of visualizations, 
easy to develop 
Confusion, unclear, no hint as to 
what is actually going on in videos 
B 
Explain processes, know task 
relationships within the model 
Complexity due to overlaying of 
HUD, makes view cluttered 
C 
Better hints for what work is being 
done, very clear, highlights process 
details 
Too many arrows, too complicated, 
and is thus visually hard to follow 
D 
Good viewing watching experience, 
can clearly see responsibility of 
people 
No entire view of process, hard to 
follow due to need to chase avatars 
Subjective Opinion of Best Visualization 
              Fav. Vis            
Observation 
A B C D 
A 0 6 2 5 
B 0 7 1 4 
C 0 6 0 12 
D 1 8 1 8 
Total 1 27 4 29 
 
ANALYSIS 
This section will now investigate the relationship between participants’ background, 
performance and attitude. 
For Part B, relevant statistical techniques can be used to tell the difference 
between performance and attitude, with regard to the four visualizations. The entire 
test comprises two modules, which will be applied to Sub Part A and B of Part B (see 
Table 6-8). Below, the Module Test I is applied to Sub Part A in Table 6-8, while 
Module Test II is applied to Sub Part B in see Table 6-8. In each module, there will 
be two validation tests. Initially, a simple test technique, such as comparison on 
means, will be used to indicate the differences between four visualization groups, 
known as face validity [156]. Then, a hypothesis test will be employed for the final 
conclusion to tell differences between these different visualization configurations. A 
suitable statistical technique for telling differences between multiple sample groups 
is known as the Analysis of Variance (ANOVA) test [156]. Compared with Student’s 
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T test, the ANOVA test is more capable of providing an accurate result, as it can 
reduce the possibility of overlapping errors between sample groups. Further reasons 
for choosing this technique will be shown just before the hypothesis test in following 
experiments. 
 
Module Test I: 
Fact Validity Test I: 
Firstly, some preliminary question by question comparisons have been made, using 
the maximum and minimum correct response answers, ratios between the maximums 
and minimums, and counts of maximums and minimums, as shown in Table 6-10. 
Table 6-10 Simple comparisons on values in Sub Part A in Table 6-8.  
Part B 
Sub Part A Information Recall by Subjective 
Question Items A B C D Max Min 
Ratios 
(Max/Min) 
8 100.0% 100.0% 100.0% 100.0% 100% 100% 1.00 
9 7.1% 28.6% 42.1% 70.6% 7.1% 70.6% 9.94 
10 35.7% 50.0% 31.6% 17.6% 17.6% 50.0% 2.84 
11 57.1% 64.3% 78.9% 64.7% 57.1% 78.9% 1.38 
12 38.5% 78.6% 63.2% 76.5% 38.5% 78.6% 2.04 
13 30.8% 57.1% 36.8% 64.7% 30.8% 64.7% 2.10 
14 9.1% 21.4% 15.8% 35.3% 9.1% 35.3% 3.88 
15 78.6% 71.4% 42.1% 62.5% 42.1% 78.6% 1.86 
16 50.0% 57.1% 63.2% 58.8% 50.0% 63.2% 1.26 
17 28.6% 21.4% 42.1% 17.6% 17.6% 42.1% 2.40 
18 69.2% 64.3% 73.7% 58.8% 58.8% 73.7% 1.25 
19 57.1% 78.6% 50.0% 52.9% 50.0% 78.6% 1.57 
20 57.1% 57.1% 72.2% 58.8% 57.1% 72.2% 1.26 
21 57.1% 50.0% 52.6% 64.7% 50.0% 64.7% 1.29 
Min Counts 7 3 2 4 
 
Max Counts 1 2 5 4 
 
Based on the simple analysis, it can be seen that the visualization type A is 
potentially less effective than the other three visualization types, since the min counts 
of visualization type A is 7, which is greater than other three visualization types. In 
addition, most anomalous values occur when visualization type A gets lowest correct 
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response ratios, see max/min ratios values in question 9, 12 and 14. In particular, the 
ratios in question 9 and 14 are 9.94 and 3.88, which are quite significant in 
magnitude, in comparison with the other anomalous ratios values. 
By following an argument held by Miller [140] (see discussion in Section 
5.3.2), a possible explanation of this fact can be that visualization type A “is a  
rudimentary visualization type, it may not have enough information to increase the 
cognitive load of humans.” An investigation of one of the open responses in the 
questionnaires reveals a similar response from a test subject: 
 
“In visualization type A, there is no hint as to what is actually going on 
and relationship between the events. It seems that there are some 
unrelated events in a hospital” 
 
The following are the texts of the standout questions: 
 
Question 9. How many patients are ready for treatment? 
Question 14. What is the task following Notify Attending Orthopaedic 
Surgeon, Notify Blood Bank Resident and Notify Interventional 
Radiology Fellow? 
 
Reviewing questions 9 and 14 above, the response can explain why the ratios 
in question 9 and 14 are quite significant in magnitude (see 9.94 and 3.88 in Table 
6-10). It can be conjectured that participants observe some “unrelated events” in 
visualization type A, which will prevent them building up the relationship between 
human resource responsibilities and specific tasks. 
In other words, the added information, such as a HUD, juxtaposed conceptual 
models and cubes above virtual characters in visualization type B, C and D, may 
contribute to increase the cognitive load of participants, helping them understand the 
actual activities being carried out by the agents. This is consistent with the argument 
held by Miller [140].  
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To confirm the initial analysis results, a further investigation facilitated by a 
hypothesis test should be made, see Hypothesis Test I. Considering the hypothesis 
test is trying to tell the difference between n groups with α = 5%, this means a single 
comparison between group ni and nj can be 95% correct in detecting that there is a 
difference between two groups. With multiple tests, the correctness rate in telling the 
difference can be decreased to (95%)
m
. For example, the correctness rate will be 
81.4%, when m is equal to four. Therefore, the Analysis of Variance (ANOVA) test 
[156] was selected to facilitate hypothesis testing, indicating there are differences in 
performance (Sub Part A in Part B) and attitude (Sub Part B in Part B) regarding the 
four visualization types. 
 
  Hypothesis Test I 
H0: Regarding the performance, there is no difference between visualization 
type A, B, C and D, that is, μA = μB = μC = μD 
H1: At least, there is a difference between visualization type A, B, C and D, 
that is μi ≠ μi, where i≠j, i,j   {A , B , C , D} 
 
The ANOVA has been applied to analysing sub part A of Part B (sub part A in 
Figure 6-8). Some important values are represented in Table 6-11. 
 
Table 6-11 Important values in hypothesis test I. 
Vis. Type A B C D Total 
Means 48.29% 61.22% 54.59% 57.3.9% 55.37% 
 DF SumOfSq MeanSq FRatio FValue 
Model 3 0.124 0.0415 0.815 0.491 
Error 52 2.65 0.0510   
Total 55 2.77    
 
The conclusion of the ANOVA is that the FValue (0.491 in Table 6-11) is greater 
than α = 0.05, therefore H0 is accepted, H1 is rejected. 
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Reviewing the statistical results in Table 6-10, some anomalous points can be 
seen; the maximum correctness rates of question 9, 10, 12, 13, 14 and 17 are more 
than two times the minimum correctness rates. These questions are selected to 
conduct an additional hypothesis test to tell if there are differences between these 
four visualization types for just these questions, see Hypothesis Test I_additional.  
 
Table 6-12 The selected questions, which will be used in a further investigation. 
Part B 
Sub Part A Information Recall by Subjective 
Selected 
Question Items 
A B C D Min Max 
Times 
(Max/Min) 
9 7.1% 28.6% 42.1% 70.6% 7.1% 70.6% 9.94 
10 35.7% 50.0% 31.6% 17.6% 17.6% 50.0% 2.84 
12 38.5% 78.6% 63.2% 76.5% 38.5% 78.6% 2.04 
13 30.8% 57.1% 36.8% 64.7% 30.8% 64.7% 2.10 
14 9.1% 21.4% 15.8% 35.3% 9.1% 35.3% 3.88 
17 28.6% 21.4% 42.1% 17.6% 17.6% 42.1% 2.39 
 
 
Hypothesis Test I_additional 
H0: Regarding the selected questions in Table 6-11, there is no difference 
between visualization type A, B, C and D, that is, μA = μB = μC = μD 
H1: At least, there is a difference between visualization type A, B, C and D, 
that is μi ≠ μi, where i≠j, i,j   {A , B , C , D} 
 
The ANOVA has been applied to analysing selected questions in Table 6-12. Some 
important values are represented in Table 6-13. 
Table 6-13 Important values in hypothesis test I_additional. 
Vis. Type A B C D Total 
Means 24.96% 42.85% 38.60% 47.05% 38.37% 
 DF SumOfSq MeanSq FRatio FValue 
Model 3 0.165 0.0550 1.3132 0.2978 
Error 20 0.838 0.0419   
Total 23 1.003    
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In the additional hypothesis test, the conclusion of the ANOVA is that the 
FValue(0.2978 in Table 6-13) is greater than α = 0.05, again H0 is accepted, H1 is 
rejected.  
Therefore, it can be said that, on the face of it, there are some differences 
between the information communication capacity of these four visualization types, 
especially when compared to type A. However, statistically, there are no significant 
differences between these four visualization types, no matter what visualisation they 
viewed. 
 
Module Test II 
Fact Validity Test II: 
Again, a face validity test is used to investigate preliminary differences 
between four visualization types. Simple comparisons, such as maximum and 
minimum correct response answers, ratios between the maximums and minimums, 
and counts of minimums and maximums, can be seen in Table 6-14. 
 
Table 6-14 Simple comparisons on values in Sub Part B in Table 6-8. 
Sub Part B Virtual World Acceptance Model 
Question Items A B C D Max Min 
Ratios 
(Max/Min) 
PEU 
22 3.71 4.14 3.79 3.94 4.14 3.71 1.116 
23 3.57 3.86 3.42 4.06 4.06 3.57 1.137 
AT 
24 4.00 4.43 3.63 4.28 4.28 3.63 1.180 
25 3.79 3.57 3.11 3.72 3.79 3.11 1.219 
26 4.00 3.93 3.47 4.33 4.33 3.47 1.248 
SI 
27 3.57 4.15 3.32 4.06 4.15 3.32 1.250 
28 3.36 3.50 3.00 3.72 3.72 3.00 1.240 
An 
29 3.86 3.70 3.68 4.11 4.11 3.68 1.117 
30 3.79 4.07 3.53 4.11 4.11 3.53 1.164 
Max count 1 2 0 5 
Min count 1 0 7 0 
 
Based on the simple analysis in Table 6-14, it can be seen that the attitude towards 
visualization type C and D are different from the other visualization types, since the 
minimum count of visualization type C is 7, which significantly lower than the other 
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visualization types, and the maximum count of visualization type D is 5, which is 
significantly higher than the others. To confirm these initial analysis results, a further 
investigation facilitated by a hypothesis test should be made, see Hypothesis Test II. 
 
Hypothesis Test II 
H0: Regarding the attitude, there is no difference between visualization type A, 
B, C and D, that is, μA = μB = μC = μD 
H1: At least, there is a difference between visualization type A, B, C and D, 
that is μi ≠ μi, where i≠j, i,j   {A , B , C , D}   
 
An ANOVA has been applied to Sub Part A of Part B, which assessed the personal 
preference of the subjects to the series of visualization shown (see Figure 6-8). Some 
important values for this test are represented in Table 6-15. As it discloses, there 
were some differences between attitudes towards visualization type A, B, C and D. 
Tukey's HSD (Honestly Significant Difference) test [156], was used as a post hoc 
test on the attitudes towards visualization type A, B, C and D. Based on the 
calculation in Table 6-16, there is a significant difference between visualization type 
B and C, as well as type C and D.  
 
 
Table 6-15 Important values in hypothesis test II. 
Vis. Type A B C D Total 
Means 3.74 3.93 3.44 4.04 3.79 
 DF SumOfSq MeanSq FRatio FValue 
Model 3 1.85 0.617 9.86 0.00009 
Error 32 2.00 0.06   
Total 35 3.85    
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Table 6-16 Tukey's HSD Test, as a complementary test for Hypothesis II. 
 Calculation Conclusion 
1 dAB   μA - μB | = 0.19, dAB ≯ HSD There is no difference between Type A and B 
2 dAC   μA - μC | = 0.30, dAC ≯ HSD There is no difference between Type A and C 
3 dAC   μA - μD | = 0.30, dAD ≯ HSD There is no difference between Type A and D 
4 dBC   μB - μC | = 0.49, dBC > HSD There is a significant difference between Type B and C 
5 dBD   μB - μD | = 0.11, dBD ≯ HSD There is no difference between Type B and D 
6 dCD   μC - μD | = 0.60, dCD > HSD There is a significant difference between Type C and D 
 
In the analysis of Part C, despite the fact that participants complain that complexity 
and ambiguity existing in the visualization types, the advantages of each 
visualization can still be indicated with Table 6-9. Regarding Table 6-9, it can be 
stated that the visualization type B and D where equally the most popular, with a 
vote count of 27 and 29, while visualization type A and C were strongly rejected by 
the subjects with counts of one and four. This is confirmed by the statistical results 
drawn from Hypothesis Test II. Apart from these results, the advantages collected in 
the open comments in Part C (Table 6-9) are consistent with a theoretical analysis of 
each visualization approach performed in Table 6-4. For example, participants 
indicated that: 
 
1. the visualization type B can provide global state of workflow 
system, see “know task relationship” in Table 6-9; 
2. the visualization type C can provide local state of a workflow 
system, see “highlight process details” in Table 6-9; 
3. the visualization type D can indicate human resources’ 
responsibilities, see “know people responsibility” in Table 6-9. 
 
 
Combining the analysis results of Part A, B and C, a conclusion can be made. People 
who answered the study show a positive attitude towards the visualization type B and 
D, compared with visualization type C. Despite the fact that the face estimated 
performance results in visualization type A are lower than the other visualization 
types, there is no significant difference between the information communication 
performances of each visualization as a whole. 
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Put simply, from the preliminary evidence previously shown, visualization 
types B and D are recommended as the best visualization configurations to use when 
visualizing human resource workflow activities in a 3D virtual world. 
 
DISCUSSION 
There are a lot of research papers discussing various visualization configurations [50-
52, 97, 98, 170, 186]. However, none of them have provided empirical results about 
the suitability of the process model visualization approaches. 
This research takes a forward step by providing subjective evaluations of the 
proposed visualizations. It has analysed the visualization approaches in the virtual 
world workflow visualization application and has drawn conclusions via a series of 
analytical activities. Despite this, some issues related to the analysis process should 
be discussed, which will provide guidance for further study. 
A further more detailed analysis approach should be considered for these 
visualizations. The ANOVA is the major analysis approach used in this subjective 
validation. Although it is able to tell significant differences between multiple 
visualization types, it analysed “integrated” professional data rather than “separated.” 
For example, the data in Figure 6-8 integrated participants from three different 
professions. This prevents analysis on more detailed dependence relationships, such 
as people from profession X preferring visualization type Y. To determine such a 
detailed relationship, it is not only the “separated” data that should be provided, but 
also a more advanced analysis approach, such as a Multiple Analysis Of Variance 
(MANOVA), should be employed.  This was not possible in this assessment, due to a 
lack of statistically significant numbers of subjects within each profession group.  In 
addition, a small point should be made that more people from 3D Game professions 
need to be encouraged to participate in a future on-line questionnaire, in order to 
obtain their valuable insights into the ability of such 3D virtual world visualizations 
as analysis tools. 
The open comment section should also be enhanced. This subjective validation 
requires participants to leave some comments on each visualization approach. 
However, some participants were reluctant to leave comments, as a corollary a 
quantitative textural analysis cannot be conducted. The benefit of this enhancement 
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would be to obtain an in-depth understanding of attitude preference and the reasons 
that govern such an attitude preference.    
 
6.5 SUMMARY 
In conclusion, this chapter has presented an agent based visualization system, which 
was designed using the Gaia method. Through a literature review, it has been found 
that visualization research related to the human resource perspective was 
undeveloped in the area of process modelling. With this in mind, the system provides 
a resource perspective oriented visualization. Then, a subjective evaluation has been 
performed to evaluate the communication ability of the visualization approaches 
proposed. The empirical results have been obtained and reveal details about 
performance and subjective attitudes towards four proposed visualization approaches. 
Apart from these, a discussion on further subjective validation was provided.
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Chapter 7: Discussion and Conclusion 
The diagnosis phase in the BPM life cycle is vital to business process improvement 
and optimization. Many efforts have been made to improve simulation, validation 
and verification, as three diagnosis approaches, but human resource behaviour 
oriented simulations approaches remain immature and communication issues in the 
during validation tasks with stakeholders still exist. This thesis aims to address these 
issues by creating an MAS to support virtual world visual simulation of resource 
perspectives in process models for validation tasks. 
The MAS simulation system can generate rational simulations that illustrate 
human resource interactions in workflow systems and assist in model design decision 
making and personnel arrangements. In addition, the visualization system can 
provide effective virtual world visualization configurations, potentially enhancing 
process communication tasks. 
These two systems were objectively and subjectively validated. The validation 
results are positive in support of the research hypotheses proposed in Chapter One.  
In this chapter, the research questions proposed in Chapter One will be reviewed, 
followed by a discussion on the limitations and potential extensions of this research 
work. 
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7.1 RESEARCH REVIEW 
The key question of this research is that “Can multi-agent / virtual world 
approaches assist with human resource behaviour simulation and enhance 
communication processes in validating human resource components of a process 
model?” This research question has been broken down into four research objectives, 
with a view to providing detailed and accurate answers to the key research question. 
 
RQ 1. What is a general modelling approach for business analysts to model 
human resource behaviour in a workflow system? 
 
From the literature review, it has been found that workflow resource patterns are 
proven solutions in the workflow system, being used to describe the behaviours of 
human resources. These resource patterns were analysed and defined as state-
transitions in the lifecycle of a workitem. Consequently, an automated planning 
approach, Hierarchical Task Networks (HTN) has been employed to model the 
planning behaviour of human resource (workflow resource patterns).  An HTN 
cannot only formally represent resource patterns, but can also automatically assemble 
these resource patterns to represent the lifecycle of a workitem. This hybrid HTN 
resource pattern modelling approach has been named the HTN-RP modelling 
approach. 
In Chapter Three, this modelling approach was tested against an accepted 
classical approach known as NSGAII. The results provide evidence of the validity of 
the HTN-RP approach, that is, the HTN-RP modelling approach can be configured to 
achieve the same performance results as the NSGAII. Therefore, it can be said the 
HTN-RP modelling approach is, when appropriately configured, a plausible general 
modelling approach for modelling human resource behaviour in a workflow system. 
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RQ 2. How can intelligent agents be designed so that they can effectively 
simulate human resources in a workflow system? 
 
Reviewing the functionalities of a reference WfMS, as well as the work coordination 
mechanism of human resources, a direct mapping of entities from WfMS to MAS 
has been developed for workflow simulations.  
In Chapter Four, a society of intelligent agents was defined that can coordinate 
and interact with essential components of a WfMS. The validated HTN-RP 
modelling approach in Chapter Four provided a mechanism for modelling human 
resource behaviour. Such a modelling approach was used to drive the agents defined 
in the MAS architecture.  To assist this process, extra functionalities were defined to 
ensure social coordination in an MAS. The social and individual behaviour of the 
intelligent agents in the system was validated against standard workflow patterns 
defined by the process model research community.  The agent society was shown to 
have rational behavior from the pattern validation results. In other words, the 
interaction mechanism in the proposed agent system and HTN-RP modelling 
approach enables intelligent agents to emulate rational workflow human resources 
effectively. 
 
 
RQ 3. How can a 3D virtual world application effectively support the 
communication process between business analysts and stakeholder? 
 
In Chapter Five, a theoretical analytical framework was developed to answer this 
question. That framework was used to analyse the communication process between 
business analysts and stakeholders.  In addition, the framework was used to enhance 
the communication processes given expected noise in the communication model. 
Finally, the framework was used to argue the required features of virtual world 
applications in satisfying the meta-requirements of a better communication system. 
The work in Chapter Five provided a theoretical foundation for Chapter Six, 
which involved the design and development of a workflow visualization system. 
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RQ 4. What is a better visualization configuration for a workflow system that 
can suitably enhance communication between business analysts and 
stakeholders? 
 
In Chapter Six, the MAS architecture was extended for visualization of workflow 
systems. In addition, some highly cited methods of surveying in the Virtual World 
and Information System domains were combined to propose a subjective approach 
for evaluating and selecting a suitable workflow visualization. Four candidate 
visualizations, which incorporated modified contemporary workflow visualizations, 
were created and evaluated. Thereafter, the visualization with the highest evaluation 
was selected as the most suitable general visualisation approaches. 
 
An aggregation of these findings answers the key main question with positive results; 
that is, Multi-Agent / Virtual World System can assist with human resource 
behaviour simulation and enhance the communication process in the Diagnosis Phase 
of the BPM lifecycle. The relationship between findings in each chapter, research 
aim, objectives and hypotheses are illustrated in Figure 7-1, which is complementary 
to in Figure 1-5 Chapter One and provides a global view of this thesis. 
 
 
Figure 7-1 The global view of this thesis. 
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7.2 LIMITATIONS 
In this work, the modelling approach proposed is an idealized human resource 
behaviour model that characterizes human work in practice to drive intelligent 
agents. To simulate real human resource behaviour more realistically, the planning 
algorithms used by intelligent agent could be modified by adding some noise, which 
is expected to contribute properties of irrational behaviour. For example, a manager 
may not always allocate task to a subordinate before any consideration about cost 
and efficiency. 
In addition, the behaviour of intelligent agents is constrained by their 
knowledge base. The workflow system is a heterogeneous environment, where 
entities from different perspectives could affect each other without regulation. The 
execution behaviour of human resources could generate exceptions, affecting control 
or data flow. For example, a workitem held by a human resource for a long period 
may be considered an expired workitem. With some relevant pre-defined knowledge, 
intelligent agents can deal with such a circumstance. Two solutions may be 
considered for this case. The first solution would involve the enumeration of all 
possible circumstances and a high-performance searching algorithm, otherwise, 
machine learning maybe be applied to predict such circumstances with less complete 
information. 
Lastly, the visualizations provided by the visualization system were based on 
the simulation results generated by the simulation system. As discussed above, the 
behaviour of intelligent agents in the simulation system were idealized and 
constrained by the knowledge bases. This implies that the visualization didn’t 
involve resource behaviour dealing with exceptions in the workflow system. The 
proposed solution for the two previous limitations can add this capability to the 
visualization approaches as well. 
Some recommendations for future research topics are discussed in next section. 
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7.3 FUTURE RESEARCH 
Throughout the thesis, the research hypotheses have had at least partial confirmation 
through the answering of the research questions. It can be stated that a Multiple 
Agent System and a 3D Virtual World visualisation are plausible approaches to 
simulate and communicating human resource behaviors in a workflow system. 
With these results, it is believed that this research opens up a number of 
opportunities for future research. Some of the research questions and hypothesis 
extending this research are described in the following Table 7-1. 
 
Table 7-1 Future Research Opportunities. 
1 
Research 
Question 
What is a Pareto Optimal oriented human resource 
interaction orchestration approach? 
Research 
Hypothesis 
Automated planning approaches, empirical studies on 
human resource interactions and evolutionary algorithm are 
expected to form a more complete human resource 
interaction orchestration approach. 
2 
Research 
Question 
What is a general workflow resource behaviour simulation 
system? 
Research 
Hypothesis 
Intelligent Agents, which can form a Multiple Agent 
System, are expected to simulate general workflow 
resource in a workflow system. 
3 
Research 
Question 
What is an acceptance model for 3D virtual world 
communication application? 
Research 
Hypothesis 
Knowledge from Decision Science can be used in virtual 
world acceptance model development. 
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Research Question 1: What is a Pareto Optimal oriented human resource interaction 
orchestration approach? 
Research Hypothesis 1: Automatic planning approaches, empirical studies on 
human resource interactions and evolutionary algorithm are expected to form a 
human resource interaction orchestration approach. 
This research question is asked based upon the proposal of the HTN-RP modelling 
approach in this thesis. The HTN-RP modelling approach can be configured to 
provide only one Pareto Optimal interaction solution, satisfying the validation 
purpose in this thesis. However, the capability of this modelling approach may not 
satisfy the needs of managers at the operational level in a workflow system, who 
would like to know many deterministic interaction solutions, that is, a Pareto Front 
composed by a set of optimized interaction solutions.  
The HTN and Resource Patterns were applied as an automatic planning 
approach and as an empirical study on human resource interaction. This provided 
evidence of the feasibility of applying them in future research. An evolutionary 
algorithm [31, 87, 112, 117, 128, 159, 187, 188], integrated with the HTN-RP 
approach, may provide a better Pareto-optimal set of human interactions, due to the 
generation of a vast number of higher grade generation. 
 
 
Research Question 2: What is a general workflow resource behaviour simulation 
system? 
Research Hypothesis 2: Intelligent Agents, which can form a Multiple Agent 
System, are expected to simulate general workflow resources in a workflow system. 
A general workflow resource can be a human resource or a non-human resource. 
This research question is asked regarding non-human resources, an important aspect 
in the resource perspective [5, 29, 189]. In reality, human resource behaviour may be 
constrained by the availability of non-human resources. For example, the delayed 
procurement of a device can prevent executions at the operational level. The 
simulation tool for such a problem can predict the likelihood of problem occurrences, 
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helping business analysts and stakeholders promote the efficiency of their 
organizations. With this in mind, a research hypothesis is proposed in following. 
With the evidences in this research and some existing works [84, 157, 158], it 
is believed that a multiple agent system can be applied in further exploration. 
Researchers who are interested in this topic are suggested to read the following 
references. The Framework for Task Analysis, Environment Modelling, and 
Simulation (TAEMS) [84] is a work mainly focusing on the scheduling issues 
between multiple resources. Some works [157, 158] focus on negotiation 
mechanisms of a group of intelligent agents dealing with shared resources. 
 
 
Research Question 3: What is an acceptance model for 3D virtual world 
communication applications? 
Research Hypothesis 3:  Knowledge from Decision Science is expected to be used 
in virtual world acceptance model development. 
3D virtual world applications were proposed for communication purposes in 2010 
[75], since their visualization representations can enhance cognitive processes in 
human brain for stakeholder communication. In academia, various workflow oriented 
visualization approaches have been proposed [96-99, 192, 193]. Discoveries in 
academia often drive technological innovation in industrial areas. Attitudes towards 
new technologies will become a critical factor in technology application and 
prototype commercialization. An acceptance model predicting the usability of 3D 
virtual world communication application will be needed. 
Reviewing some widely used scale measurement developments [181-184], 
knowledge from Decision Science plays an important role in the development of 
such an acceptance scale and is expected to be applicable to developing such a scale 
for virtual world applications. 
 
 
195 
Chapter 7: Discussion and Conclusion 195   
7.4 SUMMARY 
This research has explored research opportunities in the diagnosis phase of the BPM 
life cycle. Human resource behaviour simulation and communication issues in 
validation have been emphasized in this thesis. 
For the simulation aspect, this research hypothesized that a multiple agent 
system is competent in simulating human resource behaviour. Work herein 
established a workflow resource modelling approach based on HTN planners, known 
as the HTN-RP modelling approach, which can automatically generate a 
deterministic plan. In addition, a simulation system centred on human resources was 
designed and developed, where several types of intelligent agents could be specified 
to satisfy simulation needs. Amongst these types of intelligent agents, the HTN-PR 
modelling approach was used to expose the appropriate behaviours of intelligent 
agents in work environments. Objective evaluation results indicated that the agents 
were rational by the performance of their workflow patterns compared to a standard 
set of patterns. 
For the validation aspect, this research hypothesized that 3D virtual world 
applications are competent as a communication approach. Work herein proposed an 
analytical framework incorporating IS theories, which were used to analyse the 
communication model between business analysts and stakeholders, to explain why 
problems occurs in the communication process and predict what is a good 
communication approach, as well as to show that a virtual world application can be 
adapted to enhance the communication process.  Complementary to the theatrical 
findings, an agent based visualization approach was proposed. Such an approach was 
competent in replicating modified workflow oriented visualization works, where an 
empirical study was use to propose an optimal human resource-based visualization. 
In all, the results in this thesis are complementary to each other. The results of 
this thesis have provided supporting evidence for the research hypotheses and the 
research questions.   
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Appendix  
PARTICIPANT INFORMATION FOR QUT RESEARCH 
PROJECT  
RESEARCH TEAM  
Principal Researcher: Hanwen GUO, PhD student, QUT  
Associate Researchers: Ross BROWN, Rune RASMUSSEN, QUT  
DESCRIPTION  
This project is being undertaken as part of a PhD study for Hanwen GUO.  
The purpose of this research is to test the communication capability of 3D 
virtual worlds. 3D virtual worlds are online graphical environments  
The purpose of this research is to test the communication capability of 3D 
virtual worlds. 3D virtual worlds are online graphical environments that enable users 
to interact in real-time with 3D synthetic versions of real world locations, such as a 
hospital ward. We have developed a virtual world version of a hospital that can be 
used to help communication between people with different forms of expertise. The 
software can generate a visualization of a hospital ward to indicate the 
responsibilities and tasks of different staff. People can use the animations generated 
by this software to assist communication between people with different forms of 
expertise, e.g. nurses and business administrators. In other words, one person can use 
the visualization to further explain the responsibilities of staff to others in an 
organisation.  
We will ask participants to observe these animations. The content of these 
animations are about a general medical treatment process. After the observation, 
participants will be asked to answer questions about these three animations. The aim 
of this research is to understand whether people can understand the animation.  
You are invited to participate in this project because you satisfy our 
requirements as a general member of the public  
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PARTICIPATION  
Your participation in this project is entirely voluntary. If you do agree to participate 
you can withdraw from the project at any time before you submit your questionnaire 
answers. However, it will not be possible to withdraw once you have submitted your 
answers via the online questionnaire. Your decision to participate or not participate 
will in no way impact upon your current or future relationship with QUT. If you 
agree to participate you do not have to complete any question(s) that you are 
uncomfortable answering.  
Participation will involve viewing three videos, completing 30 items in an 
anonymous questionnaire with Likert scale answers (strongly agree – strongly 
disagree style scale) and some open questions that in total will take approximately 30 
minutes of your time.  
EXPECTED BENEFITS  
No risks beyond normal day-to-day living are anticipated to result from your 
participation in this project. There are also no direct personal benefits through your 
involvement however you will be contributing to assisting people to understand 
human processes more clearly, thus helping improve techniques used in running 
important processes, such as those in health care.  
To recognise your contribution should you choose to participate the research 
team is offering you a shopping/movie voucher worth $15.  
RISK  
There are minimal risks associated with your participation in this project. There is 
some information disclosure, including the provision of an email address. We will 
ask you some background information about gender, age, education level and 
profession. However, the information will not contain any sensitive personal 
information. The information is necessary for this study as it will help the 
investigator understand your preferences in virtual world communication. It can also 
be helpful for interpreting findings with respect to these preferences.  
PRIVACY AND CONFIDENTIALITY  
All comments and responses are anonymous and will be treated confidentially. The 
names of individual persons are not required in any of the responses; however, we 
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will temporarily collect your email address in order to pass your reward back to you. 
The email address will be destroyed at the end of this study.  
Any data collected as part of this project will be stored securely as per QUT’s 
Management of research data policy. The project is funded by CRC Smart Service 
and QUT however they will not have access to personal data obtained during the 
project.  
CONSENT TO PARTICIPATE  
Submitting the completed online questionnaire is accepted as an indication of your 
consent to participate in this project.  
QUESTIONS/FURTHER INFORMATION ABOUT THE PROJECT  
If have any questions or require any further information please contact one of the 
research team members below.  
Hanwen GUO  
Information Systems School - Science and Engineering Faculty - QUT  
Phone: XXXXXXXXX 
Email: XXXXXXXXX  
Dr. Ross BROWN  
Information Systems School - Science and Engineering Faculty - QUT  
Phone: XXXXXXXXX  
Email: XXXXXXXXX  
CONCERNS / COMPLAINTS REGARDING THE CONDUCT OF THE 
PROJECT  
QUT is committed to research integrity and the ethical conduct of research projects. 
However, if you do have any concerns or complaints about the ethical conduct of the 
project you may contact the QUT Research Ethics Unit on 07 3138 5123 or email 
ethicscontact@qut.edu.au. The QUT Research Ethics Unit is not connected with the 
research project and can facilitate a resolution to your concern in an impartial 
manner. 
200 
200 Appendix   
Thank you for helping with this research project. Please keep this sheet for 
your information.   
  
 
BACK GROUND INFORMATION  
 
1. What is your gender?  
A Female    B Male 
2. What is your age? ________ 
3. What is your professional back ground? (you may choose more than one option 
in this question) 
A Information Systems  B Medical  C 3D Computer Games 
Other (Please specify) ________ 
 
An Information System is a computer system involving hardware and 
software that people use to collect, filter, process, create, and distribute 
data. For example, Email, Workflow Management and Enterprise 
Resource Planning systems are information systems.  
4. How much experience do you have with Information Systems? 
 
5. Do you have experience with medical treatment as a health professional? 
 
6.  Do you have experience with 3D computer games? 
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Video Observation  
Please remember features of the video, such as:   
 The time-based sequence and relationship of tasks, such as " Has task A been 
performed after task B"  
 The human resource and task execution relationship, such as " Who executes 
Task A"  
 The human resource involvement, such as " how many people are involved in 
Task A"  
Watch the video as many times as you like (max of three times suggested due to time 
constraints). Do not take any notes, just try to notice as much as possible in the 
video. When you are confident in remembering most details of the video, you can 
commence the questionnaire.  
VIDEO 
 
7. Are you ready to answer the questions? 
 YES, I am ready for answering the questions 
 
 
 
Multiple Questions Type A 
8. What is the environment that has been illustrated in this video? 
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9. How many patients are ready for treatment? 
 
10. Who is in charge of blood transportation, i.e. taking the blood bag to a patient? 
 
11. What task did the medical staff perform before the blood bag was picked up from 
the table? 
 
12. Where did these three tasks, Notify Attending Orthopaedic Surgeon, Notify 
Blood Interventional Radiology Fellow happen? 
 
13. How many staff are working in the pre-treatment process, i.e. before the patient 
is first moved? 
 
14. What is the task following Notify Attending Orthopaedic Surgeon, Notify Blood 
Bank Resident and Notify Interventional Radiology Fellow? 
 
15. After a blood bag been given to the patient, where is the patient transferred? 
 
16. After the avatar flew from one place to another, what task did you see? 
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17. Where is the Operating Theatre located? 
 
18. How many staff are simultaneously working in the Operating Theatre? 
 
19. How many times has the patient been transferred? 
 
20. In total, how many staff are involved in this process? 
 
21. Which patient has been given a treatment? 
 
 
 
Multiple Questions Type B 
Please put yourself in the context of a discussion between a hospital process designer 
and a medical care expert. They are aiming to model and optimize a treatment 
process.   
The business analyst needs the medical care expert to tell him/her what tasks and 
resources are involved in the treatment process. With this information, the business 
analyst can model the treatment process and represent the modelled treatment 
process back to a medical care expert. The medical care expert can then confirm the 
validity of the modelled treatment process.  
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However, one dilemma is that a business analyst and medical care expert may, 
sometimes, be confused about each other’s terminology. In other words, it is very 
hard to gain a mutual understanding due to the lack of shared domain knowledge.  
  
Please imagine you are in that context. The animation you have just seen can be used 
as an approach for explaining processes carried out in an organisation. Please answer 
following questions to tell us your subjective attitude towards using animation as a 
communication approach in such a context.  
  
22. A virtual world animation as shown would be helpful in such a communication 
scenario. 
 
23. A virtual world animation as shown is likely to increase my communication 
capabilities. 
 
24. A virtual world animation as shown, makes the communication process 
interesting. 
 
25. A virtual world animation as shown, motivates me to communicate with other 
stakeholders. 
 
26. A virtual world animation as shown can be used as a communication tool. 
 
27. My work colleagues would regard such a virtual world animation as helpful in a 
communication process. 
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28. Such a virtual world visualization can be used as a communication approach. 
 
29. I am happy to use virtual world animations as a communication approach in the 
proposed scenario. 
 
 
 
Open Question 
In following, you will see three additional animations. We will ask you to compare 
these three animations and to leave some comments on the advantages and 
disadvantages of these animations. Feel free to make your comments in point form.  
  
As a hint, you can compare the advantages and disadvantages from aspects such as, 
their understandability, complexity and communication feasibility.  
For example:  
 “I think clip X is interesting, it is much more intuitive than the other three.”  
“I can get more details about the treatment process by observing clip X."  
“Clip X is too complex for me, because I cannot understand details about the 
treatment process.”  
  
If you think there are no advantages or disadvantages, you may leave "NONE" is the 
comment area.   
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Advantages of Animation A 
 
Disadvantages of Animation A 
 
 
Advantages of Animation B 
 
Disadvantages of Animation B 
 
 
Advantages of Animation C 
 
Disadvantages of Animation C 
 
 
Advantages of Animation D 
 
Disadvantages of Animation D 
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30. In general, which clip do you think is the best one for communication in the 
proposed scenario? 
Animation Clip A Animation Clip B 
Animation Clip C Animation Clip D 
 
 
Final Page 
You have finished all the questions in this questionnaire. Please leave your email 
address with us if you wish to collect a voucher as a reward.   
  
This question is entirely optional, you should only leave your email address if you 
would like to receive the voucher. However, please note that we will need your email 
address in order to send you the voucher, as there is no other way for us to contact 
you. Be assured that this email address information will be destroyed within four 
weeks of sending you your voucher, and you will receive no other communication 
from this research team. You can expect to receive the voucher within four weeks of 
finishing this questionnaire.  
  
Thank you for your time and effort in completing this questionnaire, it is much 
appreciated. 
 
31. You email address is ___________ 
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